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Resumo
As te´cnicas de espectroscopia pump-probe sa˜o extremamente poderosas como ferramenta de visu-
alizac¸a˜o em escalas de tempo que outros me´todos na˜o podem atingir. Esse diferencial reside no
fato de que tais te´cnicas usam como fonte pulsos de laser ultracurtos da ordem dos femtosegun-
dos (1 femtosegundo 10−15 segundos) para excitar e sondar a amostra. Assim e´ poss´ıvel obter
informac¸o˜es sob os fenoˆmenos que ocorrem em escalas de femtosegundos. Efeitos nesta escala de
tempo conteˆm informac¸o˜es importantes, por exemplo, em sistemas ferromagne´ticos, sobre ener-
gias magne´ticas, associadas a anisotropia magne´tica, interac¸a˜o spin-orbita e interac¸a˜o de troca
(exchange). Ale´m disso, tambe´m e´ poss´ıvel usa´-las para controlar diretamente (oticamente) a
magnetizac¸a˜o a partir da interac¸a˜o com a luz. Em geral, esses me´todos teˆm mostrado grande
sucesso na caracterizao e observac¸a˜o de propriedades f´ısicas fundamentais na dinaˆmica molecular
e processos desmagnetizac¸a˜o, tornando-se como um poss´ıvel caminho para controlar magnetizac¸a˜o
em escalas de femtossegundos. Este trabalho tem como proposta a montagem e utilizac¸a˜o de um
aparato experimental de espectroscopia magneto-o´tica do tipo pump-probe usando uma fonte com
caracter´ısticas u´nicas que ira´ proporcionar pulsos com durac¸a˜o da ordem de sub-8 fs no plano da
amostra. Nesta escala de tempo, sa˜o necessa´rias te´cnicas avanc¸adas de compensac¸a˜o de dispersa˜o
dos pulsos, uma vez que um pulso de luz ao propagar-se em um meio dispersivo (como o vidro
o´tico ou mesmo ar) alarga temporalmente. Ao garantirmos essa resoluc¸a˜o temporal no plano da
amostra, estaremos por volta de uma ordem de magnitude melhor do que o relatado na literatura
recente (ver, por exemplo a refereˆncia [1]). Isso devera´ permitir estudos detalhados da dinaˆmica
magne´tica com uma precisa˜o sem precedentes. Portanto, a escolha dos componentes apropriados,
a compensac¸a˜o de dispersa˜o, bem como as caracter´ısticas do sistema de aquisic¸a˜o de dados fo-
ram fundamentais para atingirmos a resoluc¸a˜o temporal desejada. Esse aparato experimental foi
desenvolvido para estudar materiais magne´ticos tais como em amostras de filmes ferromagne´ticos
de GdFeCo, Co etc. Pretende-se, com esse setup experimental, observar processos que ocorrem
apo´s um pulso de laser de femtosegundos interagir com a amostra. Entre esses processos podemos
destacar: a interac¸a˜o dos fo´tons com os ele´trons e spins do material; o relaxamento dos ele´trons e
spins para populac¸o˜es termalizadas, sendo que durante este regime temporal ocorrem mecanismos
incoerentes que conduzem a` desmagnetizac¸a˜o. Outros processos relevantes sa˜o a precessa˜o de
magnetizac¸a˜o ou a influeˆncia da anisotropia magnetocristalina na trajeto´ria da amostra.
Palavras chaves: espectroscopia pump-probe, pulsos de femtosegundos, dinaˆmica magne´tica.
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Abstract
The pump-probe espectroscopic techniques are extremely powerful as a visualisation tool in time
scales that other methods can not reach. This difference lies in the fact that such techniques
use as ultrashort laser pulse source with duration of the order of femtoseconds (1 femtosecond
is 10−15 seconds) to excite and to probe the sample. So, it is possible to obtain information
of phenomena that occurs in femtoseconds scales. Effects on this timescale contain important
information, for example in ferromagnetic systems, about the energy associated with the mag-
netic anisotropy spin-orbit interaction and exchange interaction. Also, it is possible to use theses
pulses to control directly (optically) the magnetisation from the interaction with light. In general,
these methods have shown great success in the characterisation and observation of fundamental
physical properties of molecular and demagnetisation dynamic processes, being a possible way to
control the magnetisation in femtosecond scales. This work proposed the development and use
of an experimental apparatus for magneto-optical pump-probe spectroscopy using a source with
unique features that provides pulses with sub-8 fs durations in the sample. On this time scale,
advanced techniques are required for dispersion compensation of pulses, since when the light pulse
propagates on a dispersive medium (such as optical glass or air) it broadens temporally. There-
fore, the choice of suitable optical components, quality of the dispersion compensation, as well as
the characteristics of the data acquisition system were essential to achieve the required temporal
resolution. The experimental apparatus was developed to study magnetic materials such as fer-
romagnetic film samples GdCoFe, Co etc. The aim with this experimental setup, is to observe
processes that occur after a few femtosecond laser pulse interaction with the sample. Among these
processes we can highlight: the interaction of photons with electrons and spins of the material;
the relaxation of electrons and spins for thermalise populations, where during this time regime
incoherent mechanisms occur which lead to demagnetisation. Other significant phenomena are
the precession of magnetisation or the influence of magnetocrystalline anisotropy.
Keywords: pump-probe spectroscopy, femtosecond pulses, magnetic dynamics.
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Chapter 1
Introduction
In this chapter, we briefly summarise the importance of ultrafast spectroscopy in different
research fields such as Chemistry, Optics, Biology, etc.
In particular, this thesis is focused on Nanomagnetism and the main theoretical concepts are
described. Therefore, the related energy contributions, such as the Zeeman energy, the magneto-
crystalline energy and the shape anisotropy energy have been considered for a ferromagnetic thin
film. Furthermore, the dynamical behavior of this system is described using the Landau-Lifshitz-
Gilbert (LLG) equation of motion.
The state of the art, regarding ultrafast spectroscopy in Nanomagnetism, has been summarised
focusing on the ultrafast magnetisation dynamics from both experimental and theoretical points
of view.
Finally, I describe the challenges in ultrafast magnetisation dynamics, i.e, questions which are
still unresolved such as understanding the mechanisms which govern the dynamics of laser-induced
demagnetisation processes on time-scales below 10 femtoseconds.
The aim of this chapter is to show the need for techniques with high temporal resolution for
the study of magnetic properties. It is in this context that this thesis was developed.
1.1 Ultrafast Spectroscopy
In general, Ultrafast Spectroscopy is based on using ultrashort laser pulses with durations in
picosecond or femtosecond time-regime [17]. These pulses are used to study the dynamics of the
systems rather than the energy levels themselves. Elementary excitation in solids shows a complex
nonequilibrium behavior. During the excitations, process thermalisation and relaxation, the elec-
tronic band structure, optical transition energies, carrier concentration, and phonon frequencies
vary over a broad range, leading to a variety of ultrafast phenomena. Optical spectroscopy with
ultrashort pulses provides direct measurement these processes occurring on a time scale between
10−10 and 10−14 s.
Ultrafast spectroscopies based on pump-probe methods are a general tool to study ultrafast
physical phenomena in materials. The spectroscopic pump-probe technique is extremely powerful
as a visualisation tool on time scales which cannot be achieved by other methods and has shown
enormous success in the characterisation and observation of fundamental physical properties, such
as molecular dynamics and magnetisation processes [18, 3].
In the pump-probe technique, an ultrafast laser pulse is split into two beams: a high-intensity
pump pulse to excite the sample by the generation of a non-equilibrium state, and a weak probe
pulse to monitor the photoinduced changes in the sample by either transmission or reflection
and with a specific time-delay between pulses. The controlled variation of this delay, via the
linear displacement of a delay line, permits the study of ultrafast process. Thus, it is possible to
overcome electronic detection limitations and recover the dynamics of the material properties on
ultrafast time scales (femtoseconds, picoseconds and nanoseconds depending on the processes and
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mechanisms involved). This method has proven to be a powerful tool for dynamical studies of
fundamental physical phenomena such as molecular spectroscopy [19, 20], chemical reactions [21],
magnetisation dynamics [3, 1, 22, 23, 24, 25] and even biological processes [26].
The photoexcitation of a magnetic system with ultrashort laser pulses can strongly alter the
thermodynamic equilibrium among the constituent degrees of freedom (charge electrons, spin, and
lattice), triggering a variety of dynamical processes that opens up fascinating opportunities to con-
trol the magnetic state of materials on an extremely fast time scale and may create new transient
spin states that are inaccessible via thermal equilibrium transitions. These effects could provide
essential contributions to our understanding of the fundamental transient magnetic phenomena,
and they have clear implications for future high-speed, multifunctional magneto-optical device
technology [27]. The ways in which laser pulses can precisely change the collective spin ordering
in the coherent regime, induce a complete spin reversal or a magnetic phase transition at ultrafast
time domain are not completed understood.
1.2 Nanomagnetism: Static Equilibrium
From a microscopic point of view, the magnetisation of a material originates from the ar-
rangement of its interacting atomic magnetic moments. These magnetic moments appear due
to incomplete electronic shells. The mean value of the magnetisation per unit of volume of any
system can be determined by:
~M =
∑
i ~m
V
(1.1)
where ~m is the atomic (or ionic) magnetic moment and V is the volume of the magnetic material.
From the above definition, we should note that the macroscopic magnetisation is non-zero when
the sum of all ~m vectors is different from zero. In order to maximise the macroscopic magnetic
moment of a sample, it is required that all microscopic magnetic moments be aligned in the same
direction. This behaviour occurs when a magnetic field is applied to the system at a sufficiently
low temperature. However, the spontaneous long-range magnetisation of a ferromagnetic material
vanishes above an ordering temperature called the Curie temperature, Tc. In this situation the
thermal energy is greater than the exchange energy. Examples of room temperature ferromag-
netic materials are the 3d transition group elements Fe, Co, Ni, and their alloys. Have earth
elements and compound also exhibit long range magnetic order, frequently with antiferromagnetic
or ferromagnetic ground states
1.2.1 Magnetic energies
Generally, the domain structure of a ferromagnetic material and its responses to an applied
external magnetic field are determined by the minimisation of the magnetic free energy [28, 29, 30].
The magnetic energy is composed of several contributions such as the exchange energy between
the neighbouring magnetic moments, the magnetisation energy due to the external field or Zeeman
energy, the magnetocrystalline anisotropy energy and the shape anisotropy energy. Therefore, the
interactions between individual magnetic dipoles with the external magnetic field and the crystal
lattice, among others factors, will determine the magnetic properties of the materials, and are key
for understanding magnetic phenomena [1, 3].
We can consider the case where a sample with a magnetisation ~M is placed in an external
magnetic field ~H. The magnetic anisotropy energy of the system is defined as:
ET = EZ + EEx + ECr + ESh (1.2)
where EZ , EEx, ECr and ESh are the Zeeman, the exchange, the magnetocrystalline and the
shape anisotropy energies, respectively.
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Zeeman energy (EZ)
The Zeeman energy holds information about the interaction of the atomic magnetic moment
with a external magnetic field. When an external magnetic field ~H is applied, the magnetisation
suffers a torque that makes all the magnetic moments align in the direction of such field. This
kind of energy is always present when applying a magnetic field and can be used to overcome
other forms of energy found in the sample. We define the magnitude of the Zeeman energy by the
scalar product of the magnetisation with the external magnetic field:
EZ = −µ0 ~H · ~M = −µ0HM cosψ (1.3)
where ψ is the angle between ~H and ~M , and µ0 is the magnetic permeability in vacuum. We can
express the Zeeman energy in terms of the ~H and ~M components, as follows:
EZ = −µ0(HxMx +HyMy +HzMz) (1.4)
In order to evaluate the equilibrium orientation of the magnetisation vector, it is useful to
choose a coordinate system where the angular dependence of the magnetisation can be evaluated.
In this way, it will be easier to find those angles which minimise the free energy. Therefore, we
use a system with spherical coordinates, as illustrated in Figure 1.1:
Figure 1.1: Coordinate system for both the magnetisation and the external magnetic field
We define the ~H and ~M components as: Mx = M cosφ sin θMy = M sinφ sin θ
Mz = M cos θ
(1.5)
and  Hx = H cosφ sin θHHy = H sinφH sinφH
Hz = H cos θH
(1.6)
After introducing these expressions in the Zeeman energy term ( Eq. 1.4), we obtain:
EZ = −µ0HM [sinφ sin θH cos(φ− φH) + cos θ cos θH ] (1.7)
This equation is isotropic and depends on the direction of both ~H and ~M
Novel dual-colour architecture for ultrafast spin dynamics measurements in sub-8 fs regime 3
CHAPTER 1. INTRODUCTION
Exchange energy (EEx)
This term deals with the tendency for adjacent atomic magnetic moments to align parallel to
each other and with the same direction in ferromagnetic materials. If two atoms i and j have spin
angular momentum (Sih¯ ) and (Sj h¯ ), respectively, the exchange energy between them is given
by:
EEx = −2JEx ~Si • ~Sj = −2JExSiSj cosϕ (1.8)
where JEx is known as the exchange integral and cosϕ is the angle between the spins. If JEx is
positive, EEx reaches a minimum when the spin are parallel (cosϕ = 1) and a maximum when
the spin are antiparallel (cosϕ = −1). If JEx is negative, the lowest energy state results from
antiparallel spins. However, it is clear that a positive value of JEx is a necessary condition for
ferromagnetism to occur.
Shape Anisotropy (ESh)
This term is related with the demagnetising field ( ~HDes ) inside the ferromagnetic sample and
it is associated with the samples macroscopic size. Then, the preference for the magnetisation
to be oriented along a particular axis of the sample, so that the magnetostatic energy can be
minimised, is called shape anisotropy.
If a sample is saturated by an applied field and the field is removed, the magnetisation will
decrease to the remanence state under the action of the demagnetising field ( ~HDes ). Assuming
that the sample is magnetised uniformly, the demagnetising field is proportional to its magnetisa-
tion [31]:
~HDes = −Nd ~HSat (1.9)
where Nd is the demagnetising factor and depends on the sample shape. Determining the demag-
netising factors is not a trivial question. However, we can to consider an ellipsoid shaped sample
since in this special case both the magnetisation and the demagnetising field will be uniform [32].
An ellipsoid shaped sample is formed by a major axis x and axis y and z. Then Nx, Ny and Nz
are values of the demagnetising factor Nd for magnetisation along the x, y and z axis. Moreover,
the condition, in the International System,
Nx +Ny +Nz = 1 (1.10)
is fulfilled for any ellipsoid. As the demagnetising factors of an ellipsoid depends upon its dimen-
sions
Nx 6=Ny 6=Nz (1.11)
the demagnetising field is therefore different for different orientations of the magnetisation. As a
result, the magnetostatic or shape anisotropy energy is only minimised when the magnetisation
lies along the major axis of the ellipsoid. Therefore, the long axis of the ellipsoid is called the
easy-axis of magnetisation and the uniaxial shape anisotropy is given by
ESh =
µ0
2
(Ny −Nz)M2Sat (1.12)
Magnetisation is easy along the x axis and for Ny = Nz hard along any axis normal to x.
However, the experimental samples are rarely ellipsoids and different demagnetising factors should
be considered. Some examples are illustrated in this Figure 1.2. Although we have assumed that
the magnetisation is uniform and constant, we should note that is not true for non-ellipsoidal
samples.
For a sphere we have Nx = Ny = Nz =
1
3 , the shape anisotropy term is zero and there
will be no well-defined easy-axis of magnetisation associated to the macroscopic sample shape.
For an infinite thin film, we have Nx = Ny = 0 and Nx = 1, the xy-plane is an easy-plane of
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Figure 1.2: Demagnetising factors of a sphere (a), an infinite rod (b) and an infinite thin film (c).
magnetisation, the z-axis is a hard magnetisation axis and the shape anisotropy contribution is
given by
ESh =
µ0
2
M2Sat sin
2 ϑ (1.13)
For the case of a cylinder we obtain Ny = Nz =
1
2 and Nx = 0.
Magnetocrystalline anisotropy (ECr)
The magnetocrystalline anisotropy describes the preference for the magnetisation to lie in a
particular direction along certain crystallographic directions of the sample [33]. For a single crystal
the external magnetic field, required to saturate the material, depends on the orientation of the
applied magnetic field with respect to the crystal axes. This dependency creates axes in which the
energy, required to magnetise the sample is lower. The dependence of the magnetic anisotropy
with the crystal lattice occurs because the spins of the electrons, responsible for magnetism, are
coupled to the orientation of the crystalline orbitals, the so called spin-orbit interaction [34]. Thus,
in the absence of external field, the electron spin interacts with the electric field, generated by the
ions of the crystal, and this interaction makes it easier for the magnetisation of the material to
aligned in certain directions.
Let us consider a single crystal of a magnetic material which is saturated, i.e, the system as a
whole behaves as a single magnetic domain. It is common to express the energy associated with
this anisotropy as a series of powers with respect to the principal axes and the magnetisation.
These are referred to as the direction cosines. Thus, the magnetocrystalline anisotropy for a
ferromagnetic crystal is given by:
EA(α1, α2, α3) =
∑
i
biαi +
∑
i,j
bijαiαj +
∑
i,j,k
bijkαiαjαk + . . . (1.14)
where α1, α2, α3 are the directional cosines of ~M with respect to a coordinate system in the crystal
and bi, bij , bijk, . . . are are magneto-elastic constantes. We must remember that this expression
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Figure 1.3: Directional cosines of the magnetisation in spherical coordinates where θ and φ are
the polar and azhimutal angles, respectively
is completely general and does not take into account the symmetry of the crystal.
The most common types of magnetocrystalline anisotropies are uniaxial and cubic. The uni-
axial anisotropy can arise in crystals which exhibit hexagonal or tetragonal symmetry. In the
hexagonal case, such as hcp (cobalt), the easy magnetization axis is parallel to the c crystallo-
graphic axis and the hard axis lies in the basal plane of the hcp crystal. It will be described below
that this behaviour can be also generated by mechanical stresses induced during film growth due
to the mismatch between the lattice constants of the substrate and the material [35]. On the other
hand, the cubic anisotropy arises from a cubic crystal structure, such as found in iron and nickel.
i) Uniaxial Anisotropy
The uniaxial anisotropy is related to the fact that there is a single easy magnetisation axis,
where the energy, required to saturate the sample, is minimum. In the following sections, we
will consider a ferromagnetic material like cobalt with hexagonal symmetry. In this case, as was
already commented, while the easy axis magnetisation direction is the hexagonal c-axis, other
any direction in the plane perpendicular to the c-axis should be a hard axis. Therefore, the
magnetisation is almost isotropic in the basal and the anisotropy energy can be approximated
as [33]:
EU = K1 sin
2 θ +K2 sin
4 θ + . . . (1.15)
for a given angle, θ, between the direction of magnetisation and the axis of symmetry, and where
K1 and K2 are the anisotropy constants.
ii) Cubic Anisotropy
Cubic systems are very important since many ferromagnetic metals crystallise with this sym-
metry. For example, Fe crystallises in bcc structure and Ni in fcc structure [36]. Since a cubic
crystal shows several equivalent directions, the general equation defining the magnetocrystalline
anisotropy energy is simplified. It can be expressed in terms of a series expansion of the directional
cosines of ~MSat with respect to the crystal axes. If ~MSat make angles α1, α2 and α3 with the
crystal axes, and considering α1, α2 and α3 as the cosines of these angles, the energy of cubic
anisotropy can be given by
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where K0, K1 and K2 are constants for a particular material at a particular temperature and they
can be expressed in erg/cm3 (cgs) or J/m3 (SI). Usually higher powers are not required since K2
is usually much smaller than the leading terms, and this term can be neglected. The first term,
K0 , is independent of the angle and is usually ignored since normally we are interested only in
changes in the energy E when the ~Ms vector rotates from one direction to another. When K2
is zero, depending on the material, K1 can be positive or negative. For instance, in Fe we have
K1 > 0 and the easy magnetisation axis is parallel to the < 100 > direction. For Ni, K1 < 0 and
the easy magnetisation axis is the direction < 111 >.
1.2.2 Additional magnetic energies
Although the free energy of a ferromagnetic material is mainly composed of these energy terms,
additional contributions may also exist, such as the magnetoelastic and surface anisotropy terms.
For exemple, when ferromagnetic thin films are studied, hese terms can also play a significant role.
Magnetocrystalline surface anisotropy (ES)
In 1954, Ne´el pointed out that the proportion of atoms on the surface of a thin film is much
higher when compared to the bulk material [37]. Surface atoms present different properties,
due to reduced symmetry, with respect to the interior or bulk atoms of the material. Thus, the
atomic layers of the surface atoms have magnetic properties which differ from those that are in the
volume atoms due to symmetry breaking [38, 37, 39]. The surface anisotropy in films is manifest
as a uniaxial anisotropy term which depends on the angle between the magnetisation and the film
normal. Therefore, this anisotropy is known as surface anisotropy introduced by Ne´el [37], and
is given by the equation.
ES = −K ′S cos2 θ (1.17)
where K ′s is a constant that depends on the sample anisotropy.
Magnetoelastic anisotropy (EMelas)
One of the consequences of the spin-orbit interaction is the phenomenon of magnetostriction.
This effect, which is associated to changes of the sample size due to the change of the magnetisation
direction (and vice versa), can produce a magnetic anisotropy contribution. Therefore, and as the
spin moments are coupled to the lattice via the orbital electrons, if the lattice is changed by a
strain the distances between the magnetic atoms are altered and hence the interaction energies
are modified. This effect produces the magnetoelastic anisotropy [40].
Usually thin films show mechanical stresses, applied in a particular direction, which arise during
the preparation process or by the different lattice mismatch between the film and the substrate.
This situation can be described by Eq. 1.23, where the magnetoelastic energy is presented as a
function of the isotropic magnetostriction coefficient, λm, the uniform tension, σ, and the angle
between the magnetisation and stress directions, θ [36].
Eelas = −3
2
λmσ cos
2 θ (1.18)
1.3 Nanomagnetism: dynamic point of view
We know that the magnetic moment of a homogeneously magnetised system is given by Equa-
tion 1.1. The magnetisation direction is determined by the minimisation of the free energy. In
an isotropic system, the magnetisation direction, ~M , is parallel to an effective field, ~Heff, which
is defined by the magnetic anisotropy energy (see (a) in Figure 1.4) [28]. When this alignment
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is altered by any external excitation, such as a magnetic field, electrical current or a laser pulse,
the magnetisation will react to recover an equilibrium direction (see (b) in Figure 1.4). In this
recovery, the magnetisation describes a precession movement around the effective field direction
(see (c) in Figure 1.4).
Figure 1.4: (a) In equilibrium, the magnetisation of a thin film should be parallel to the effective
field of the system.(b) When the magnetisation is changed out from its equilibrium position by a
laser pulse (c), it will show a precessional motion around the effective field.
1.3.1 Larmor precession frequency
The precessional motion of the magnetic moment in the absence of damping is described by
the torque equation. According to quantum theory, the angular momentum is associated with the
magnetic moment by:
~L =
~m
γ
(1.19)
where γ is defined as the ratio of the magnetic moment to the angular momentum and it is called
the gyromagnetic ratio. The existing torque on the magnetic moment exerted by the external
magnetic field is given by:
~τ = ~m× ~Hext (1.20)
Usually, the time variation of the angular momentum is defined as the torque, or
~τ =
d~L
dt
=
1
γ
d~m
dt
(1.21)
Manipulating the previous equations, we obtain:
d~m
dt
= γ(~m× ~Hext) (1.22)
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Recalling the relationship between a product and a vector dot product, we observe that:
~m · d~m
dt
= 0 (1.23)
Equation 1.23 means that the magnitude of the magnetisation should be preserved. Therefore,
the application of a magnetic field to a magnetised sample generates a magnetisation precession
at a given frequency ωL, called the Larmor frequency,
ωL = γH (1.24)
Let’s consider that for each magnetic moment of spin (~µi) within a volume element, we have:
d~µi
dt
= −γ~µi × ~H (1.25)
Considering that ~H is uniform, we can average within the volume ∆V :
1
∆V
d(
∑
i ~µi)
dt
= −γ
(∑
i ~µi
∆V
)
× ~H (1.26)
Considering that the magnetisation vector in a volume ∆V is given by the average volume of
several discrete magnetic moments in a continuous medium, we can write:
d ~M
dt
= −γ ~M × ~H (1.27)
where
∑
i ~µi
∆V ≡ ~M . This equation describes the magnetisation precession in an applied magnetic
field. It is a conservative equation and implies a constant precession frequency or the Larmor
frequency. However, it is an incomplete equation since in this kind of processes, dissipative effects
should be also considered.
1.3.2 Landau-Lifshitz-Gilbert Equation
When quantum and anisotropy effects are considered to describe the magnetisation precession
in a continuous medium, the dynamical model of Landau and Lifshitz is attained. In this model,
the spins experience the action of an external magnetic field. They are also affected by the
magnetocrystalline anisotropy, the demagnetizing field associated with shape anisotropy, magnetic
dipole interaction, etc [3, 41]. The sum of all these contributions gives rise to a thermodynamic
potential that is associated with an effective magnetic field, i.e.:
~Heff = − ∂Φ
∂ ~M
(1.28)
Thus the motion of the magnetisation vector may be described according to the Landau-Lifshitz
equation given by:
d ~M
dt
= −γ ~M × ~Heff (1.29)
which describes the magnetic precession around the effective field direction, see Figure 1.5. As
mentioned, ~Heff contains many contributions:
~Heff = ~Hext + ~Hani + ~Hdem + . . . (1.30)
with the exception of ~Hext, all other contributions depend on the characteristics of the material.
At equilibrium, the variation of the angular momentum with time is zero showing that the is
torque also zero. An extra contribution, the viscous damping term, can be added to describe the
motion of precession. However, Equation 1.29 cannot describe the relaxation of ~M to ~Heff after
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being brought out of equilibrium and therefore we need to invoke a damping term. This dissipative
term reduces the precessional motion the magnetic moment and consequently the magnetisation
tends toward a position of equilibrium. Usually this relaxation proceeds slower than the precession
and we can model it as a damping torque perpendicular to the precessional motion, with the
precessional motion itself unperturbed by the damping. This leads to the famous Landau-Lifshitz-
Gilbert equation:
d ~M
dt
= −γ ~M × ~Heff + γ α| ~M |
~M × ∂
~M
∂t
(1.31)
where α is the Gilbert damping constant. Figure 1.5 shows the dynamics of the magnetisation
precession around the effective field according to the Landau-Lifshitz-Gilbert equation (illustration
both precessional and damping terms).
Figure 1.5: Illustration of the processional spin dynamics described by the Landau-Lifshitz-Gilbert
equation. The magnetisation precesses around the effective field. A small damping torque gradu-
ally aligns the magnetisation with the effective field. Figure adapted from [2]
1.3.3 The Smit-Beljers equation
To solve the Landau-Lifshitz-Gilbert equation, we must to use an appropriate system of co-
ordinates. Recalling that the magnitude of the magnetisation is not changed, we can choose the
spherical coordinate system. Thus, ~Heff in spherical coordinates is given by:
~Heff = − 1
µ0
(
∂F
∂r
eˆr +
∂F
∂θ
eˆθ +
1
Ms sin θ
∂F
∂φ
eˆφ) (1.32)
where F is the free energy per volume, and θ and φ are the polar and azimuthal angles, respectively
(see Figure 1.3). In this coordinate system, the magnetisation is given by ~M = Mseˆr, where Ms
is the saturation magnetisation. The infinitesimal change in the magnetisation vector can be
expressed as d ~M = Ms(dreˆr + dθeˆθ + sin θdφeˆφ). Thus, the variation of magnetisation in relation
to time can be written as:
d ~M
dt
= Ms
dθ
dt
eˆθ +Mssin θ
dφ
dt
eˆφ (1.33)
Performing the cross product ~M× ~Hext and ~M×d ~Mdt and substituting in Landau-Lifshitz-Gilbert
equation, we obtain:
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dθ
dt
= − γ
Mssin θ
∂F
∂φ
+ αsin θ
dθ
dt
(1.34)
dφ
dt
= − γ
Mssin θ
∂F
∂θ
− α
sin θ
dφ
dt
(1.35)
These are the nonlinear equations in spherical coordinates. As there is not an exact analytical
solution, we must find perturbative solutions around the equilibrium configuration, assuming small
deviations of both θ and φ around the equilibrium positions θ0 and φ0 . Therefore, the free energy
F can be expanded in a Taylor series and considering only first-order terms, we obtain:
F (θ, φ) = F (θ0, φ0) +
1
2
(
∂2F
∂θ2
θ2 +
∂2F
∂θ∂φ
θφ+
∂2F
∂φ2
φ2
)
(1.36)
The solutions should be:
δθ≈ θ − θ0 = Aθ exp (iωt)
δφ≈φ− φ0 = Aφ exp (iωt) (1.37)
where Aθ and Aφ are the amplitude of the precession. Inserting the calculated dθ/dt and dφ/dt,
from Eq. 1.37, and considering the Eq. 1.36, into the Landau-Lifshitz-Gilbert equation equation
in spherical coordinates, the precession frequency of the magnetisation can be described by:
ω2 =
γ2(1 + α2)
M2s sin
2θ
[(
∂2F
∂θ2
)(
∂2F
∂φ2
)
+
(
∂2F
∂θ∂φ
)]
(1.38)
This equation is known as the Smith-Beljers equation. It is interesting to note that the fre-
quency of precession is given by the partial derivatives of the magnetic free energy with respect to
the polar and azimuthal angles of the magnetisation in their equilibrium values. This represent-
ation is therefore very practical since the resonance condition can be directly evaluated from the
relevant free energy of a magnetic system, though it must be performed in conjunction with the
equilibrium conditions:
∂F
∂θ
= 0 and
∂F
∂φ
= 0 (1.39)
1.4 Ultrafast spectroscopy applied to Nanomagnetism
In modern magnetism, one of the principal objective is to develop new high-performance mag-
netic structures beyond the current technologies of recording and processing of information that
are of the order of Terabit/cm2 with a switching time of a few nanoseconds and below [42]. There-
fore, it is necessary to investigate the dynamic properties of magnetic materials and nanostructures
that occur on a shorter timescale, compared with the switching time of magnetic devices, and for
a length scale below a few hundred nanometers.
Standard ultrafast spectroscopy techniques are suitable methods for exploring the interaction
mechanisms responsible for the modification of the magnetic order in nanostructures subjected
to an external perturbation at temporal scales from a few femtoseconds to a few nanoseconds
(see Figure 1.6) [1, 22, 24]. Such mechanisms include the spin-orbit interaction, the exchange
interaction, the structural anisotropy of the materials and the spin-phonon interaction among the
most relevant.
The first high-impact result in observing the magnetisation dynamics in magnetic films induced
by femtosecond laser pulses using a pump-probe configuration was reported in 1996 by Beaurepaire
et al. [22]. In this paper, it was shown that a Ni thin film can be demagnetised by a 60 fs laser
pulse (see Figure 1.7) showing a magnetic response below 1ps. The three-temperature model for
magnetisaton dynamics has been invoked to help explain the sub-ps demagnetisation observed by
Beaurepaire et al. The model assumes that the electron, the spins and lattice systems represent
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Figure 1.6: Time scales in magnetism as compared to magnetic field and laser pulse excitation.
Figure obtained from Ref. [3]
three mutually-interacting thermal reservoirs. The internal equilibration of the resevoirs occurs at
the plasma frequency (electron), the spin-wave frequency and the phonon scattering rate (lattice).
After this first observation, much experimental effort was directed to confirm this finding in
Nickel [43] as well as in a wide range of magnetic materials, such as other transition metals [44, 45],
magnetic semiconductors [46], dielectrics [47] and half-metals [48]. Since then, manipulating and
controlling magnetisation with ultrafast laser pulses have become a new field in modern magnetism
and it is known as Femto- Magnetism [3, 1, 22, 42]. Studies in femto-Magnetism has attracted
much research activity in order to understand the fundamental mechanisms and to control and
manipulation of magnetisation on ultrafast timescale. Usually, changes in length and orientation
of the magnetisation vector caused by an intense femtosecond laser pulse are probed using a lower
intensity second pulse. This approach uses the magneto-optical pump-probe configuration [3, 42]
based on the Kerr or Faraday effects. In order to attain information with femtosecond resolution,
other techniques have also been employed such as the second harmonic generation [43], photo-
emission [49] and more recently, the x-ray magnetic circular dichroism techniques [50].
Despite the huge effort, even in the study of the simplest materials such as ferromagnetic
Ni, the underlying basic mechanisms that govern the demagnetisation process at the femtosecond
timescale have not yet been fully identified. Then, the challenge lies in the complexity of a parallel,
dynamic treatment of photons, electrons, phonons and the spins on various length and time scales.
Currently, several groups are working on this topic and their results have generated an intense
discussion about the physical interaction that allows the transfer of angular momentum between
the reservoirs in the magnetisation and re-magnetisation processes. In fact, the mechanism re-
sponsible for the variation of angular momentum in this time scale, remains an open question.
Next we show some microscopic models, found in the literature, that attempt to explain the issue
of spin angular momentum transfer during ultrafast demagnetisation.
1.4.1 Direct Interaction between Photons and Spins
The direct interaction (at a microscopic level) between pump laser photons and spins for ul-
12 Novel dual-colour architecture for ultrafast spin dynamics measurements in sub-8 fs regime
CHAPTER 1. INTRODUCTION
Figure 1.7: Dependence of remanent magnetization (normalised to the signal without the presence
of the pump beam) in a ferromagnetic Ni film with the delay between pump and probe beams
( Figure extracted from Ref. [22])
trafast demagnetisation was first proposed by Zhang and Hubner in 2000 [51]. According to these
authors, ultrafast demagnetisation occurs in the presence of both the field of the external laser
and the spin-orbit coupling, when spin-orbit coupling smears out singlet and triplet states allow-
ing for optically induced spin flips. A discussion regarding the validity of this type of microscopic
model should consider whether the number of photons, absorbed in the magnetic material due
to laser irradiation, is large enough to explain the experimentally observed magnitude of mag-
netisation [52, 53]. Moreover, when the pump laser photons serve as the source for the angular
momentum needed to flip a spin, the demagnetisation must proceed differently when the pump
laser beam is linearly or circularly polarized. Moreover, when the pump laser photons serve as
the source for the angular momentum needed to flip a spin, the demagnetisation must proceed
differently when the pump laser beam is linearly or circularly polarized. However, Dalla Long
et al. [54] found that changes in the polarisation of the laser in MOKE measurements are purely
due to optical artifacts and magnetisation dynamics remain unchanged. Furthermore, Zhang and
Hubner predicted a demagnetisation of around 50% of the magnetic moment in Ni. In contrast,
magnetisation reductions in the order of 70 − 80% from the initial magnetic moment value have
been observed experimentally [55]. Moreover, and according to Zhang and Hubner, ultrafast de-
magnetisation proceeds almost instantaneously and the observed time constant is given by the
pump pulse length. However, the measurements of the demagnetisation time constant are typ-
ically larger than the laser pulse duration, for example in rare earths, such as Tb and Gd, the
demagnetisation occurs on a time scale of 750 fs for a laser pulse of 50 fs [56]. Bigot et al. [1]
proposed a similar microscopic mechanism, which additionally takes a laser field induced time-
dependent modification of the spin-orbit interaction into account. However, this model is also
susceptible to the same kind of criticisms as the Zhang and Hubner model.
1.4.2 Electron-Phonon Spin-flip Scattering
Koopmans et al. [57] proposed that during the ultrafast demagnetisation, the spin angular
momentum is transferred to the lattice by way of phonon mediated spin-flip scattering. This
spin-flip scattering is the Elliot-Yafet type [58, 59], which in are found in paramagnetic metals. In
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this case, each electron-phonon scattering event can lead to a spin flip with a probability αEY ,
and depends on the material properties.
The Elliot-Yafet type relaxation mechanism of the electron spins occur because the spin-orbit
interaction, induced by the ions of the lattice this means that the electron wave function would be
a mixture of spin-up or spin-down states. Thus, the momentum scattered by phonons, impurities
and defects can be coupled to the spin-up and spin-down states and leading the electron spin
relaxation [59].
The modification of the Elliot-Yafet scattering in ferromagnetic metals [60] went through sev-
eral stages. We can start by identifying αEY , as being responsible for relaxation in sub-ps regime,
and/or the Gilbert damping parameter that governs precessional dynamics on the time scale of
hundreds of picoseconds [57, 61]. However, this behaviour was not confirmed when Ni80Fe20
doped with rare earth were studied [62]. In contrast to Koopmans et al. [57] predictions, and
although the rare earth act as a doping agent that modifies the ferromagnet Gilbert damping
parameter, changes in the demagnetisation time constants were not observed.
Koopmans et al adopted the model three temperature with an Elliot-Yafet-like spin-flip channel
(microscopic three-temperature model) where the underlying spin-flip probability was calculated
from ab-initio density functional theory [53]. The rate of demagnetisation, due to electron-
phonon spin-flip scattering, and whether it is large enough to explain experimental observations
is however contested. Carva et al. [63] found that the rate of demagnetisation distributions
of thermalized electrons, assumed in the microscopic three-temperature model, was very small,
and only a marginal increase for non-equilibrium distributions occurs in pump-probe experiments.
Essert et al. [53] also concluded that the electron-phonon spin-flip scattering is not the dominant
process behind the ultrafast demagnetisation and emphasized the importance of changes in the
dynamics of the band structure which was not included in the microscopic three-temperature
model.
1.4.3 Superdiffusive Spin Transport
A Superdiffusive Spin Transport microscopic model to explain the origin of ultrafast demag-
netisation was proposed by Battiato et al. [64]. In this model, there is no a channel for transferring
spin angular momentum, i.e., spin flips, and the reduction of magnetization is explained by spin-
dependent transport of charge carriers out of a ferromagnetic layer. Superdiffusive refers to carrier
transport which has a ballistic character at the beginning but moves towards diffusive transport
for longer times scales, and is thus not correctly described by either the ballistic or diffusive
approximation for all timescales.
In the model of the Battiato et al. [64] the Superdiffusive Spin Transport leads to ultra-fast de-
magnetisation as follows: Due to the pump laser irradiation in a ferromagnetic layer, electrons are
excited from quasi-localized d-bands to more mobile sp-bands. In this excitation, the spin angular
momentum is assumed to be conserved. Subsequently, electrons are transported superdiffusively
out of the excited sample volume into the substrate. Due to the fact the majority and minority
electrons have different lifetimes, resulting in a higher mean free path for majority electrons, mag-
netisation is transported away from the probed volume on a sub-ps timescale. Since the modelling
of superdiffusive spin transport involves the treatment of the electron scattering processes leading
to their thermalisation explicitly, the non-equilibrium state after laser excitation is included by
default as well as the usual assumption of instant thermalisation via the two temperature model.
Also, the specific material band structure is included via the energy- and spin-dependent electron
lifetimes. The amount and timescale of demagnetisation, resulting from superdiffusive spin trans-
port, were calculated for a 15nm thick Ni film on an Al substrate , and these results were found
to coincide with time-resolved XMCD measurements performed by Stamm et al. [65].
1.5 Challenges in ultrafast magnetisation dynamics
How fast can the magnetisation of a magnetic medium or element be changed or what are
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the fundamental and practical speed limitations in the magnetic writing and reading processes?
These questions are connected with a lot of exciting research that addresses very fundamental
issues of spin and magnetisation dynamics as well as very practical points such as how to generate
and detect them. Finding ultimate limits for the preparation and handling of physical systems
is one of the most challenging objectives of fundamental science. In the context of magnetic
materials such limits will affect future information storage technologies regarding storage density
and time scales for accessing and writing information. Currently, the fastest pulses that have been
used to manipulate magnetic structures are laser pulses in the range of 40 femtoseconds [3, 1].
The fundamental theory, which describes the ultrafast magnetisation dynamics, is far from being
understood, even 19 years after the first experimental demonstration.
Magnetic information storage technology is rapidly approaching the nanometer scale as storage
densities are projected to increase to a terabit per square inch. This necessity represents new
challenges and opportunities in nanometer scale materials engineering and in understanding their
related magnetic properties. Among the critical issues, is the understanding of how and how fast
the magnetisation direction could be switched from one stable configuration to another. There
are currently several fundamental issues which remain poorly understood, including the role of
thermal fluctuations, the basic mechanism of damping in magnetisation motion, and the ultimate
speed with which magnetisation can be reversed.
Although experimental results begin to converge, they still fail to answer a fundamental ques-
tion to what does TRMOKE really probe, a simple optical excitation artefact (charge origin) or
a genuine magnetic excitation (spin origin)? [66]. Answering this question means having confid-
ence in the TR-MOKE tool to probe the ultrafast dynamics of magnetisation. Zhang, et al [66],
attempted to answer this question through simulations using laser pulses of 12 fs. In these simu-
lations it was possible to verify that the pulse duration has a substantial effect on the correlation
between the magnetic and optical responses. By constructing a phase-sensitive polarisation versus
magnetisation plot, Zhang, et al found that for short pulses the magnetic signals are delayed by
10 fs with respect to the optical signals. For longer pulses, the delay shortens and the behaviour
approaches the continuous-wave response.
Therefore, in the context discussed so far, it is fundamental that a short duration of the
pulse is used to excite and probe the magnetisation dynamics, thus allowing to observation of the
interactions between the electrons, spin and lattice. Considering this requirement, we propose to
develop a pump-probe system with high temporal resolution (sub-8 fs). The development of the
system will be addressed in this thesis in the following chapters.
1.6 About this thesis
This thesis was divided as follows:
Chapter 2
We will show important concepts for the understanding of femtosecond laser pulses, in particular
we will be make a mathematical review of the time and frequency domain. Next we will discuss
the sources for the generation of these pulses. Finally we will show the methods used for making
the temporal characterisation of ultrashort laser pulses.
Chapter 3
In this chapter we will discuss the main all-optical pump-probe techniques and also their limita-
tions. Next we will describe the phenomenology of the magneto-optical effect and the experimental
setup used to measure this effect. This stage is fundamental for the development of a TR-MOKE
system with high temporal resolution.
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Chapter 4
In this chapter we will make a detailed description of all the stages of our system including optical
components, the characterisation of pulses and the data acquisition system.
Chapter 5
In chapter 5 we will use this system to measure magnetic precession and ultrafast demagnetisation
in ferromagnetic films of GdFeCo and then compare with existing results in the literature to show
the reliability of our system.
Chapter 6
Finally, in Chapter 6 will summarise the conclusions and indicate some future perspectives of this
work.
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Chapter 2
Ultrafast Optical Pulses
This chapter gives a brief introduction into the world of femtosecond laser pulse and the most
frequently used techniques to measure such ultrashort pulses, i.e., the first part the aim is to
give a concise introduction to provide basic information about the most-widely used femtosecond
laser sources, in particular Ti:sapphire oscillators, Ti:sapphire amplifiers, etc. The second part,
is devoted to the diagnostic techniques used in the present work which allow the measurement of
these ultrafast events. The aim of this chapter is to present the tools used, of the point of view of
ultrafast optical, in the development of pump-probe experimental apparatuses in the femtosecond
range.
2.1 Introduction
The term ultrafast lasers is often used for mode-locked lasers emitting ultrashort pulses, i.e.
pulses with durations less than a few picoseconds (10−12s). A more precise term is actually
ultrashort pulse lasers. For example, in the reference [14] is reported the generation of pulses
comparable to the duration of the electric field cycle. In the optical domain, this corresponds to
around 2 fs (1fs = 1015s). In addition to ultrashort durations, ultrashort pulses have a broad
spectrum, a high peak intensity and can form pulse trains at a high repetition rate. Therefore,
it is important to acknowledge the relationship between spectral width and pulse duration when
considering the generation of ultrashort pulses.
The general time and frequency Fourier transforms of a pulse can be expressed in terms of the
electric field as [16]:
E(t) =
1
2pi
∫ +∞
−∞
E(ω)e−iωtdω (2.1)
E(ω) =
∫ +∞
−∞
E(t)eiωtdt (2.2)
where E(ω) and E(t) represent the frequency and time evolution of the electric field of the pulse,
respectively. The duration and spectral bandwidth of a pulse can then be calculated with standard
statistical definitions [16], 〈
∆ω2
〉
=
∫ +∞
−∞ ω
2|E(ω)|2dω∫ +∞
−∞ |E(ω)|2dω
(2.3)
〈∆t〉 =
∫ +∞
−∞ t|E(t)|2dt∫ +∞
−∞ |E(t)|2dt
(2.4)
It can be shown that the relationship between the duration and spectral bandwidth of the laser
pulse are related by the following inequality (relation to uncertainty principle):
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〈∆t〉〈∆ω〉≥1
2
(2.5)
This relationship is the product of pulse duration and spectral bandwidth and is known as the
time-bandwidth product. In principle this means that in order to produce a light pulse with
a given duration it is necessary to use a broad enough spectral bandwidth. For example, a
Gaussian pulse lasting for one picosecond (10−12s) has a minimum spectral bandwidth of ∆ω =
4.41×1011Hz. If the central frequency ν0 of the pulse lies in the visible part of the electromagnetic
spectrum, say ν0 = 4.84×1014Hz(wavelength λ0 = 620nm), then the relative frequency bandwidth
is ∆ν/ν0≈ 103. But for a 100 times shorter pulse (∆t = 10fs), ∆/ν0≈ 0.1. As |∆λ/λ0| =
∆ν/ν0, the wavelength extension of this pulse is 62nm, covering 15% of the visible window of the
electromagnetic spectrum. Taking into account the wings of the spectrum, a 10 fs pulse actually
covers most of the visible window. If the equality is reached in one speaks about a Fourier-
transform-limited pulse or simply a transform-limited pulse. From the experimental point of view,
half-maximum quantities are easier to measure; the Fourier inequality is then usually written as:
∆ν∆t≥K (2.6)
where ∆ν is the frequency bandwidth measured at full-width at half-maximum (FWHM) with
ω = 2piν and ∆t is the FWHM in time of the pulse and K is a number which depends only on the
pulse shape (see Table 2.1). One can also calculate the minimum time duration of a pulse giving
a spectrum with ∆λ (nm) at FWHM, central wavelength λ0 (nm) and the speed of light c (m/s):
∆t≥K λ
2
0
∆λ·c (2.7)
Shape E(t) K
Gaussian function exp[−(t/t0)2/2] 0.441
Exponential function exp[−(t/t0)/2] 0.140
Hyperbolic secante 1/ cosh(t/t0) 0.315
Rectangle − 0.892
Cardinal sine sin2(t/t0)/(t/t0)
2 0.336
Lorentzian function [1 + (t/t0)
2]−1 0.142
Table 2.1: Values of K for various pulse shapes, in the inequality ∆ν∆t≥K, when ∆ν and ∆t are
half-maximum quantities [16]
2.2 Mathematical background of ultrashort lasers pulses
2.2.1 Temporal domain
An ultrashort optical pulse consists of a real-valued oscillating electric field (see Figure 2.1),
but the mathematical description can be simplified if a complex representation is used (at the
origin (x = 0)):
E(t) = A(t)e−iω0t (2.8)
where A(t) is the complex amplitude envelope, and ω0 is the carrier frequency, usually chosen to
be close to the center of gravity of the spectrum. In this representation the rapidly oscillating part
of the electric field can be separated from the slowly varying envelope A(t). The complex electric
field can be further decomposed:
E(t) = |E(t)|e−iφ0e−i(φ(t)+ω0t) (2.9)
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Figure 2.1: Electric field of a 4-fs Gaussian pulse with 800 nm center wavelength. The thin solid
and the dashed line represent the electric field for different values of the carrier-envelope offset
phase. Obviously, different maximum amplitudes are reached for the two cases. The envelope is
shown as the thick solid curve
Here |E(t)| is referred to as the electric field envelope, φ(t) is the temporal phase and φ0 is
the absolute phase, which relates the position of the carrier wave to the temporal pulse envelope
(see Figure 2.1). For this reason φ0 is also called the carrier-envelope phase (CEP) [67]. It is
particularly relevant for few-cycle pulses and its measurement and control [68, 14] are crucial
pre-requisites for optical metrology [69] and single attosecond pulse generation [70].
If the temporal phase φ(t) changes with time, the oscillation period of the electric field also
becomes a function of time. In this case the instantaneous frequency is varying in time and the
pulse is called ”chirped” (see Figure 2.2) and is described by the instantaneous frequency ω(t)
given by
ω(t) = ω0 +
dφ(t)
dt
(2.10)
2.2.2 Frequency domain
For many purposes it is more convenient to represent a pulse in the frequency domain rather
than in the time domain. Similar to the time domain, we can write:
E(ω) = |E(ω)|eφ(ω) (2.11)
where φ(ω) is called the spectral phase. We should note that the temporal electric field E(t) can be
regarded as a superposition of monochromatic waves with frequency ω, spectral amplitude |E(ω)|
and phase φ(ω).
2.2.3 Spectral phase
For ultrashort pulse the spectral phase is generally assumed to be a smooth function which
can be written using Taylor series expansion around ω0, the central frequency, as:
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Figure 2.2: (a) Unchirped pulse; (b) chirped pulse showing the variation of instantaneous fre-
quency. [4]
φ(ω) = φ0 + φ
′
(ω − ω0) + 1
2!
φ
′′
(ω − ω0)2 + 1
3!
φ
′′′
(ω − ω0)3 + · · · (2.12)
where the first φ0 term corresponds the absolute phase. This term is extremely important in highly
nonlinear effects and few-cycle pulses [67, 68, 14]. The second term φ
′
represents the group delay,
i.e. the arrival time of the pulse. The effect of this term in the spectral domain is a translation in
time. The term φ
′′
, called group delay dispersion (GDD), leads to a linear variation in delay with
frequency (see Figure 2.2 (b)). This imparts a linear chirp to the output pulse. The term φ
′′′
,
usually named third order dispersion (TOD), leads to a quadratic variation in delay with frequency.
This results in an asymmetric pulse distortion with an oscillatory structure (see Figure 2.3). The
higher order terms induce additional phase shifts resulting in further pulse chirping and distortion.
Figure 2.3: (a) Phase (solid line) and frequency-dependent delay (dashed line) vs. frequency for a
cubic spectral phase; (b) calculated intensity profile. [5]
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2.3 The Problem of Dispersion
2.3.1 Dispersive media
When a short pulse travels through a dispersive medium, its component frequencies are separ-
ated in time and space. Figure 2.4 shows the effect of dispersion on an arbitrary ultrashort pulse
travelling through a piece of glass. There are two points to note. First, the center of the pulse
is delayed with respect to a pulse travelling in air. This is usually called the group delay, which
is not a broadening effect. Second, normally dispersive media such as glass impose a chirp on
the pulse, meaning that the blue components are delayed with respect to the red. In summary,
the propagation of a short optical pulse through a transparent medium results in an increase in
temporal pulse duration. The pulse broadens with time but, from energy conservation, its time-
integrated intensity remains constant [16]. The effects of propagation on a pulse can be studied
particularly well in the frequency domain. We consider the propagation of a rightward-traveling
light pulse through a linear dispersive medium of length L. The dispersive character of the me-
dium is described by a refractive index n(ω) where ω is the angular frequency. Furthermore, we
assume that the pulse is transform-limited, when it enters the medium. Each spectral component
experiences a phase shift
φ(ω) = k(ω)n(ω)L =
ω
c
n(ω)L (2.13)
by passing through the linear medium. In Equation 2.13 k = ω/c denotes the vacuum wavenumber,
where c is the light velocity in vacuum. The refractive index dependence on wavelength (or
frequency) is very similar in many transparent and non-transparent media in the visible and near
infrared ranges.This can be described by the well-known Sellmeier formula [71]:
n(λ) =
√√√√1 + m∑
i=1
A1
λ2
λ2 − C2i
(2.14)
In this thesis the Sellmeier formula was used to calculate the total dispersion of the components
of our experimental setup (lenses, prisms, air, etc.). In this way, it was possible to quantify the
amount of dispersion we should compensate (see Chapter 4).
Figure 2.4: When a pulse of light is passed through a medium and subject to normal dispersion, the
short-wavelength components, indicated in blue, travel slower than those at longer wavelengths.
Adapted from [6].
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2.3.2 Dispersion compensation
The pulse broadening effects of GDD can be reversed and recompressed by using pairs of
prisms [72], gratings [73] or chirped mirrors [74].
Gratings
Figure 2.5: Grating pairs used in the control of dispersion. The different wavelengths are dispersed
in space and made to travel different paths.
In the method of compressing pulses by pairs of gratings (Figure 2.5) the pulses are spectrally
separated by the first grating, the second grating compensates the spatial dispersion, the mirrors
shift up and reflect back the beam. In between the gratings the optical way of each spectral
component is different, so that the arrival time at the output is the same for all spectral components
( induces/compensates a linear ”chirp” leading to an increase/decrease of the pulse length). In
case of compression, the desired pulse length can be set by the distance in between the gratings.
This technique leads to compression of pulses down to 30 fs and is still extensively used due to
the high amount of negative dispersion obtainable in this way.
Prisms
In this method, the chirped pulse enters prism 1 and the beam spreads as it is then diverted
towards prism 2. As Figure 2.6 shows, a prism disperses the different wavelengths of light into
different angles,due to the wavelength dependence on refractive index in the prism. The system
introduces a negative GDD and the magnitude of this created GDD can be controlled by the
amount of glass in the prism. The total system GDD is compensated by orienting the prisms so
the light travels through either more or less of the glass. The prisms are almost less dispersive than
gratings, so that larger distances between prisms are needed to provide enough spatial separation
between the different spectral components. Furthermore, because the light has to traverse glass,
there is intrinsic material dispersion that limits the amount of total negative dispersion achievable.
Double-Chirped Mirrors (DCM)
According to Figure 2.7, a DCM is an optical interference coating that in general consists of four
multilayer subsections deposited on a substrate [7, 75]. For dispersion-compensating broadband
high reflectors dielectric materials, such as Si02 is used. The first section of a DCM is a broadband
AR coating, which typically consists of 8 to 14 layers. The double-chirp section is necessary for
the avoidance of GiresTournois interferometer (GTI)-like oscillations in the group delay [76, 7].
Double-chirping means that the local Bragg wavelength of the index grating and the local coupling
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Figure 2.6: Grating pairs used in the control of dispersion. The different wavelengths are dispersed
in space and made to travel different paths. The relative time delay between the frequencies caused
by the prism pair compensates for the time delay caused by other dispersive material.
of the incident wave to the reflected wave are chirped simultaneously. The chirp of the duty cycle
(coupling coefficient) leads to an adiabatic matching of the impedance of the grating to the low-
index layer at the front. In the subsequent simple-chirp section only the Bragg wavelength is
chirped. This means that the high- and low-index layers are quarter-wave layers for maximum
reflection of waves with a wavelength close to the local Bragg wavelength. The fourth section
is a quarterwave Bragg mirror with fixed Bragg wavelength. The third and fourth sections are
optional and depend on the special design problem considered. However, they are required to
obtain ultimate broadband reflectance.
Figure 2.7: Schematic drawing of a DCM. which is composed of four multilayer subsections.The
position inside the mirror is determined by the variable m, where m = 0 defines the beginning
of the theoretical DCM structure directly after the AR coating. Light, with wavenumber k, is
reflected at the wavenumberdependent classical turning point mtl(k). [7].
The advantage of such approach is that a mirror can be specifically designed to have a phase
curve that matches a given target, e.g., a glass (see Figure 2.8), and the reflectivity is usually very
high (typically over 97%). Also they are quite compact, which is important in the development
of our experimental setup. In this thesis we use this method to compensate the dispersion of our
experimental apparatus (for details see Chapter 4).
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Figure 2.8: DCMs characteristics. Each blue-green mirror pair provides a net GDD of 60fs2 per
bounce (at 800 nm). This chirped mirror have bandwidth compatible with the spectral range of
the beams used in our experimental setup.
2.4 Ultrafast lasers and Amplifiers: Generation of ultrashort
pulses
2.4.1 Oscillator
Ultrashort pulses are generated by a mode-locked laser. By constructive interference, a short
pulse is formed when many longitudinal modes are held in phase in a laser resonator (see Fig-
ure 2.9). In other words, in a laser cavity, many longitudinal modes oscillate on different frequencies
within the range supported by the gain medium. If these modes oscillate with random relative
phase, the laser oscillator generates continuous wave light (CW operation). However, if the modes
are phase-locked to each other, they will interfere constructively at certain times, resulting in a
train of potentially short pulses. This mode of operation is called mode-locking. There are several
techniques to achieve mode-locking, of which the most commonly used for ultrashort Ti:Sapphire
lasers is Kerr lens mode-locking (KLM). It employs the optical Kerr effect to establish a phase
relation between adjacent laser modes without the need for external modulation (passive mode-
locking). Since the Kerr effect (Appendix A) depends non-linearly on the intensity, the Kerr lens,
due to self-focusing [77] in the laser crystal, only occurs for short pulses in the cavity. If a mech-
anism is introduced into the cavity which favors the mode-locked light over the continuous light,
eventually only modes which are phase-locked will survive in the cavity. With Kerr lens mode-
locked Ti:Sapphire lasers, sub-10-fs pulses can routinely be generated and even sub-5-fs pulses
have been produced directly. A detailed description can be found in many standard texts [78, 79]
and review articles [80, 81].
2.4.2 Amplifier
Chirped pulse amplification (CPA) has enabled the creation of ultrafast lasers with high pulse
energies and very short pulse lengths [82]. In CPA, a short seed pulse ( laser Ti:Sapphire, for
example) is dispersed using a diffraction gratings, greatly stretching the pulse so that it can be
amplified without harming the gain medium and the pulse itself. After amplification, a second
set of gratings or prism recompresses the pulse (see Figure 2.10). The output pulse duration
is longer than the seed pulse duration, because the spectral bandwidth of the pulse is reduced
during amplification through the gain-narrowing effect [83]. In the other words, CPA is only able
to amplify the pulse in wavelengths inside the gain curve of Ti:Sapphire. As such, it can only
produce spectra up to 50nm wide (FWHM), which limits the output duration to ∼ 20 fs.
24 Novel dual-colour architecture for ultrafast spin dynamics measurements in sub-8 fs regime
CHAPTER 2. ULTRAFAST OPTICAL PULSES
Figure 2.9: Superposition of resonator modes. While a mode number of 5 results in a long pulse
duration ∆τ (blue), pulses with a spectral width ∆ν of 50 modes are much shorter (red). The
gain bandwidth determines the shortest duration obtainable for the pulses.
Figure 2.10: Conceptual schematic of a chirped-pulse amplification-based laser system. A dis-
persive element is used to make the pulse longer (sometimes, a glass element, or as shown some
other dispersive element, such as a grating stretcher), typically to durations of a few picoseconds
to hundreds of picoseconds. The pulse can then be safely amplified while keeping instantaneous
intensities below to damage threshold. After amplification, the pulse generally has a smaller band-
width due to gain-narrowing in the amplification process. Negative dispersion is then introduced
to compress the pulse in time, typically to approximately 30 fs. Adapted from [8].
2.4.3 Spectral Broadening in a Hollow Fiber
The generation of ultrashort high energy pulses has been achieved by CPA combined with Ti:
sapphire laser technology. By using this technique, it is possible to obtain pulses in the order of
20−100 fs. However, this method has shown some limitations such as the gain-narrowing effect. In
order to generate radiation in the sub-5fs regime, a high energy pulse compression technique with
pulses created by CPA can be employed. This technique consists in two stages: nonlinear spectral
broadening and dispersion compensation [84, 85] (see Figure 2.11). The nonlinear nature of the
spectral broadening process, originating mainly from self-phase modulation (SPM) (Appendix A),
provides a broader spectrum in the center space of the beam where the intensity of the pulse is
higher. The spectral broadening stage and subsequent propagation after this stage induces disper-
sion in the setup - to obtain the pulse with the shortest duration (i.e. flattest spectral phase) one
needs to compensate for this dispersion. For this purpose one employs a dispersion compensation
stage, normally composed of chirped mirrors capable of inducing negative dispersion [14].
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Figure 2.11: Illustration of our experimental setup for spectral broadening. The pulse is focused
with a lens with appropriate focal distance and is inserted in a pressurized gas chamber, being
then coupled into the hollow fiber. When exiting the hollow fiber and gas chamber the pulse has
been spectrally broadened. The pulse then travels to the dispersion compensation stage and is
then ready to be used in experiments. adapted from [9].
2.5 Caracterization Ultrashort Pulses: Conventional method
and the D-scan technique
There are several techniques for ultrashort pulse characterization autocorrelation (AC) [86],
frequency-resolved optical gating (FROG) [86, 87] and spectral phase interferometry for direct
electric-field reconstruction (SPIDER) [86, 88] are most commonly used. Autocorrelation is simple
and convenient, but can give only the autocorrelation width; the waveform and phase is difficult to
obtain. FROG is a two dimensional measurement technique, where pulse waveform and phase can
be retrieved from the FROG trace, but an iterative procedure is needed. SPIDER can directly
extract spectral phase and reconstruct the pulse waveform. Recently a new method has been
developed to characterize ultrashort laser pulses called d-scan (or dispersion scan) [89]. With
this method, it is possible to obtain the duration and phase of the pulses. In this section two
methods used for the characterization of our pulses will be described namely: the autocorrelation
(Interferometric and Intensity) and d-scan techniques.
2.5.1 Interferometric Autocorrelation
The Setup for an interferometric autocorrelator is showed in Figure 2.12). A nonlinear crystal
is used to generate the second harmonic (appendix B) at the output of a Michelson interferometer
in a collinear geometry.
In this case, the signal recorded by a ”slow” detector is I(τ) is called the interferometric
autocorrelation and can be expressed using the equation below. This Equation 2.15 contains some
information about the phase of the pulse: the fringes in the autocorrelation trace wash out as the
spectral phase becomes more complex.
I(τ) =
∫ +∞
−∞
|[E(t) + E(t− τ)]2|2dt (2.15)
The duration of the input pulse is calculated from the FWHM. In the graph we can see that
there is a contrast ratio of 8:1 (see Figure 2.13). This is due to two reasons: 1) When the pulses are
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Figure 2.12: Michelson interferometer for collinear version. Adapted from [10].
not completely overlapping, the autocorrelation signal is constant and equal to twice the integral
of intensity on the time; 2) When the pulses are overlapped (zero delay) the total electric field
is twice the pulse’s field. The theoretical contrast between the peak value of an Interferometric
Autocorrelation and its background is a good check for the quality of a measurement.
Figure 2.13: Simulation of an interferometric autocorrelation shown the relation 8:1.
2.5.2 Intensity Autocorrelation
In an Intensity autocorrelation setup, first an incoming pulse is split into two parts. A path
length difference is introduced between the parts, resulting in a delay, τ , between them. Finally
both beams are recombined in a nonlinear optical medium like a SHG crystal and the output is
measured, as shown in Figure 2.14.
An intensity autocorrelation trace I(τ) depends on the intensity I of the two incoming pulses
as
I(τ) =
∫ +∞
−∞
I(t)I(t− τ)dt (2.16)
It can be shown that the intensity autocorrelation width of a pulse is related to the intensity
width by a numerical factor [10]. For example, for a hyperbolic secant squared (sech2) profile,
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Figure 2.14: Interferometer for noncollinear Intensity autocorrelation. Adapted from [10].
the numerical factor is 1.54. This numerical factor, which depends on the shape of the pulse, is
sometimes called the deconvolution factor. If this factor is known, or assumed, the time duration
(intensity width) of a pulse can be measured using an intensity autocorrelation. It is obvious
from Equation 2.16 that the intensity autocorrelation does not contain full information about the
electric field of the pulse, since the phase of the pulse in the time domain is completely lost.
2.5.3 D-scan technique
An ultrashort laser pulse can be described by its complex spectral amplitude:
U(ω) = |U(ω)|eiφ(ω) (2.17)
In Section 2.3 we saw that when a pulse goes through a dispersive medium, the electric field
acquires a additional phase. Then, we can be write:
U(ω) = |U(ω)|eiφ(ω)eiωc n(ω)z (2.18)
When the pulse goes through a SHG crystal, a second harmonic U2ω(ω) will be generated. We
can use a simple model to write down the second harmonic electric field U2ω(ω) using the following
steps [11]:
U(ω) F−1−−→ U(t) ∧2−→ U(t)
2 F−→ U2ω(ω) (2.19)
So, we can write the spectral intensity of the second harmonic as:
S(ω) = |U2ω(ω)|2 = A
∣∣∣∣∣
∫ (∫
|U(Ω)|eiΩtdΩ
)2
e−iωtdt
∣∣∣∣∣
2
(2.20)
where A is a constant, which contains all the omitted constants, and Ω represents the frequency
of the second Fourier transform. So, applying Equation 2.20, the SHG spectrum as a function of
the glass thickness z is then:
S(ω, z) = A
∣∣∣∣∣
∫ (∫
|U(Ω)|eiφ(Ω)eiΩc n(Ω)zdΩ
)2
e−iωtdt
∣∣∣∣∣
2
(2.21)
where S(ω, z) is the spectral intensity of the SHG measured by the spectrometer as a function of z,
n(Ω) is given either by the manufacturer of the glass wedges, |U(Ω)| is the fundamental spectrum,
is also measured by a spectrometer.
This simple SHG model assumes that the nonlinearity has infinite bandwidth, or at least that
the spectral response is flat in the region of interest, which is seldom the case for pulses in the
few-cycle regime and under normal experimental conditions. Therefore, this method consists in
measuring the fundamental power spectrum and guessing the spectral phase that reproduces the
measured SHG trace, S(ω, z). Furthermore, this technique can be implemented using chirped
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Figure 2.15: Simplified schematic of the experimental setup of the d-scan.
mirrors that introduce negative dispersion in the pulse, a pair of wedges which introduces glass in
the propagation of the pulse after the chirped mirrors, a crystal for the SHG and a spectrometer
to measure the SHG signal (see Figure 2.15).
In order to find the phase from the 2D scans, which consist of SHG spectra as a function of
glass insertion is used an iterative algorithm that uses the measured fundamental spectrum, and
tries to find which spectral phase best recreates the measured scan. So using this algorithm it
is possible to reconstruct the phase and width of the pulse (see Figure 2.16). This approach has
some advantages from a bandwidth point of view: since all the generated wavelength components
depend, to some degree, on the generating wavelength components, the phase can be retrieved
even when some wavelengths are not phase-matched, or are purely absent.
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Figure 2.16: Temporal characterisation of an ultrafast oscillator with the d-scan technique [11].
The fundamental spectrum (c) and the SHG spectra as a function of glass insertion (a) were
measured. An iterative algorithm applies phases to the fundamental spectrum and simulates the
SHG process to recreate (b) the measured trace. From this retrieved phase (c) the pulse can be
reconstruct in the time domain (d).
2.6 Summary
In this chapter, the mathematical concepts to describe ultrashort optical pulses are briefly re-
viewed. Two equivalent physical pictures are introduced: the time-domain representation and
the frequency-domain description, which are connected by a Fourier transform. The effect of
propagation of a pulse through a dispersive medium in which the refractive index n depends on
frequency has as a consequence the increase the of temporal pulse width. This effect and possible
solutions are discussed in this chapter. The generation of ultrashort, intense infrared pulses is
discussed here, starting with the generation of short pulses by Ti:Sapphire oscillators followed by
their amplification using the chirped-pulse amplification. The amplified pulses can subsequently be
compressed down to sub-4 fs through spectral broadening, which is achieved with the hollow fiber
method. The final part in this chapter, is devoted to the diagnostic techniques used in the present
work which allow the measurement of these ultrafast events namely, d-scan and autocorrelation
techniques.
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Chapter 3
Experimental technique I:
Methods for investigating
magnetisation dynamics
This chapter presents a brief summary of the all-optical pump-probe approach that allows access
to the magnetisation dynamics. We show the important techniques that are used to investigate
ultrafast magnetisation dynamics. Next, we present the origin of the magneto-optical Kerr effect.
This effect is the basis of most of the techniques that investigate magnetisation dynamicsin optic-
alsystems. There is then a detailed description of the experimental MOKE system developed in
this thesis. This is the starting point for the femto-MOKE system that will be presented in the
next chapter.
3.1 Methods for studying magnetisation dynamics
Generally, in the study of magnetic processes in pump-probe methodology the magnetisation
is first taken out of equilibrium and its relaxation such to its equilibrium position is recorded.
Due to the timescale of these processes, it is possible to separate the near-adiabatic processes,
which occur on a timescale from several picoseconds up to nanoseconds, and the strongly non-
adiabatic processes, which occur on a timescale from femtosecond up to picoseconds after the
excitation. The near-adiabatic processes include long wavelength spin waves [90] , dynamics of
the domain walls [91], and field- and current induced magnetisation switching [92]. In the case
of strongly non-adiabatic processes we consider the mechanism of ultrafast demagnetsation (see
Sections 1.4 and 1.5). Therefore, to measure processes that occur on a timescale from several
picoseconds up to nanoseconds the following techniques can be used Kerr microscopy [93], spin-
polarised photoemission electron microscopy [94], ferromagnetic resonance [95, 96], brillouin light
scattering [97], etc. While processes that occur on an even shorter timescale can be investigated by
the time-resolved Kerr effect [3, 1, 22, 98], Time-resolved second harmonic generation [3], etc. The
techniques presented here for the study of ultrafast demagnetisation dynamics on a femtosecond
time scale (< 100fs) are based on pump-probe methods, described in the following section.
3.2 Pump-probe methods
Usually, studies of ultrafast laser-induced magnetisation dynamics are performed using the
pump-probe method, where the magnetisation dynamics is triggered by an ultrashort laser pulse
in the optical range, while detection of the laser-induced magnetic changes is made with the help
of a second laser pulse. In other words, this method consists of using two beams which reach the
sample with a precisely controlled temporal delay between them. While a first is used to excite
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the sample (pump), the second (probe) measures the dynamical response of the material to the
excitation. As the pump is more intense that the probe, changes in the equilibrium condition of
the sample should be induced. Then, the measurements are made by monitoring changes in the
intensity and/ or polarisation state of the probe (reflected or transmitted by the sample) as a
function of the temporal delay with the pump (see Figure 3.1).
Figure 3.1: Generic illustration of the pump-probe methods in reflection. (a) Degenerate system.
(b) Non-degenerate system
Pump-probe systems have been classified into two types: degenerate systems where both pump
and probe beams have the same spectral bandwidth or frequency (Figure 3.1a). Or the non-
degenerate systems where the pump and probe have different spectral bandwidths ( Figure 3.1b).
The non-degenerate setups are frequently referred to the literature as dual-colour pump-probe
systems [98]. The temporal resolution or the sensitivity of these techniques is related with the
characteristics of both the pump and the probe pulses. For example, the choice of the probe
spectrum in the infrared [1, 99], ultraviolet [100] or x-ray [101] spectral regimes should define
the study of specific elements or electronic transitions which are responsible for the interaction
of the probe with medium As a result, all spectroscopic methods are characterised by different
sensitivity to spin and orbital degrees of freedom. In the following section most important all
optical techniques for the study of ultrafast magnetisation are presented.
3.2.1 Time-resolved Kerr effect (TR-MOKE)
TR-MOKE investigations are based on repeated excitation of magnetisation dynamics, usu-
ally by magnetic field pulses or by intense light pulses [3, 98]. The resulting excitations are then
stroboscopically detected making use of the magneto-optical Kerr effect (see section 3.3). There-
fore, this technique provides an insight into the magnetisation dynamics in the time domain. The
temporal resolution of the this technique is directly related to the optical pulse duration used in
the experiment. It is common process to use a FFT of the temporal trace of the MOKE sinal to
transfer to the frequency domain. Here the excitation frequencies can than be obtained.
3.2.2 Time-resolved Second-harmonic generation (TR-SHG)
In this case TR-SGH is also based on the all-optical approach. It differs from TR-MOKE
in that the magnetic contrast originates by magnetic second-harmonic generation, i.e., from the
nonlinear response of the ferromagnetic sample in an intense laser field. The polarisation, P (2ω),
(see appendices A and B), results in the phenomenon of second-harmonic generation when the
medium excited by the optical field E(ω) with a high intensity generates light at the double
frequency 2ω. The intensity of the second harmonic light in ferromagnets can be found to be [3]:
I(2ω)∼|P (2ω)i|2 = [χnlijkEj(ω)Ek(ω) + αnlijkEj(ω)Ek(ω)M(0)l]2 (3.1)
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where χnlijk and α
nl
ijk are tensors that define the optical properties of the medium, and the super-
scripts l (nl) indicate the linear (nonlinear) response, respectively. From this equation we can see
that the second-harmonic generation can also be used as a measure of the magnetisation M(0).
However, in contrast to linear magneto-optical effects, the second harmonic in the electric di-
pole approximation is generated only in media in which the crystallographic symmetry does not
contain a center of inversion. In centrosymmetric media second-harmonic generation is thus only
allowed at surfaces and interfaces where the bulk symmetry is broken. Consequently, the magnetic
second-harmonic generation technique can serve as a unique tool for probing surface and interface
magnetism [3].
3.2.3 Limitations in degenerate and non-degenerate systems
As mentioned in the previous sections, the techniques based on probe-pump methodology can
be degenerate, non-degenerate and the temporal resolution is associated with the duration of the
pulses. There are some limitations in both cases these are discussed below.
Coherent signal problem
Let’s consider the case of a degenerate system. An important problem in these systems lies
in the fact that the pump can contaminate the signal from the probe, i.e., close to zero delay, an
interference between pump and probe can give rise to temporal oscillation of the probe and can be
transmitted to the measured signal (this problem was observed in our experiment). This effect is
so called coherent signal problem also referred to as coherent artifact” (see Figure 3.2b) [12, 102].
There are two possibilities of interfering pump pulses [102]. One is due to the scattering from the
surface of samples. The other is due to the diffraction from the transient grating in materials (see
Figure 3.2a). From more details in Reference [102] . As a consequence of this diffraction grating,
part of the pump beam is reflected in the same direction as the probe beam and both contributions
are sent to the data acquisition system.
Figure 3.2: (a) Schematics of a reflection-type pump-probe measurement and the generation of a
transient grating in materials. (b) The shape of a coherent artifact signal with well-pronounced
regular structure measured at a high resolution. From [12].
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In order to overcome this problem, several methods have been suggested. For example, using
cross polarisation between the both pulses for removing or reducing the contributions of the reflec-
ted pump beam [102], have been explored. Another problem that could limit the interpretation
of experimental measurements in degenerate systems is the physical mechanism knows as state
blocking [100]. State blocking, or dichroic bleaching, is the transient saturation of an optical trans-
ition by the pump pulse. When both pump and probe pulses are applied to a magnetic material
using the same spectral range and polarisation, the pump can saturate the same transition ac-
cessed by the probe. This effect can generate a nonmagnetic contribution to the measured signal.
State-blocking artifacts can be suppressed by using different spectral ranges for pump and probe
pulses.
Temporal pulse width
In the literature, most all-optical TR-MOKE experiments developed for study of ultrafast
magnetic phenomena are based on optical parametric amplifiers (OPAs). The temporal resolu-
tion of theses technique is determined by the available laser pulse width. OPAs, generally, are
commercially available in the temporal regime of picoseconds and femtoseconds. OPAs in the
femtosecond are pumped by Ti:sapphire lasers with central wavelength at 800nm, energy between
0.5 and 1mJ with pulse duration ranging from 50 to 150 fs. So, one of the major limitations in
all-optical TR-MOKE is related to temporal resolution, typically on the limit of 40 fs [3, 1].
Therefore, in Chapter 4 we present a detailed explanation of a new experimental TR-MOKE
dual-colour setup based on the Magneto-optic effect Kerr. The our methodology proposed elim-
inates contamination of the pump in addition to providing sample pulses with a large spectral
width, which gives pump and probe lengths of the order of sub-8fs in the sample.
3.3 Magneto-optic effect Kerr (MOKE)
Figure 3.3: Illustration of the effect MOKE. The Kerr rotation occurs when the linearly polarised
incident wave with components circularly polarised to right and left are reflected with different
refractive indices for left and right, and ,therefore, different velocity of propagation. Two angles
allow to characterise the elliptic polarisation of the light: Kerr rotation (θK) and the Kerr ellipticity
(εK).
In general, we can separate two distinct classes of materials which exhibit magneto-optical
phenomena. First, the magneto-optical effect results from the direct action of the magnetic field
external on the orbital motion of the electrons, such as the Faraday effect [103] or magneto-circular
dichroism (different absorption frequencies due to different polarisations) [104]. Second, the effect
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results from the direct spin-orbit coupling, known as the Kerr effect (polarisation change, i.e.,
rotation and elliptical effects on the reflected light) in ferromagnetic materials [103]. As shown in
Figure 3.3, the MOKE signal results from changes in the polarisation start of the incident light
when it is reflected by a magnetised sample. From the microscopic point of view, the MOKE effect
is based on the spin-orbit interaction and the coupling between the electron spin of the medium
and the movement of its orbits perturbed by magnetic fields [103]. From a macroscopic point of
view, one can describe the phenomenology of the MOKE through a dielectric permittivity tensor.
This tensor can be calculated using the Maxwell’s equations [105].
Three different experimental Kerr configurations are distinguished: polar, longitudinal and
transversal (see Figure 3.4):
Figure 3.4: The three different types of MOKE effect: (a) Polar where the magnetisation is parallel
to the plane of incidence and perpendicular to the magnetic film surface, (b) Longitudinal where
the magnetisation is in the direction parallel to the plane of incidence and oriented in the plane of
magnetic film (c)Transversal where the magnetisation is perpendicular to the plane of incidence
and oriented in the plane of magnetic film.
3.3.1 Theory
In general, the dielectric tensor, ε˜ij , which characterises the electrical property of a medium,
can be decomposed into symmetric and anti-symmetric parts [106, 107], where the symmetric part
can be diagonalised. The symmetric part does not contribute to the magneto-optical effect and
it is assumed that it is isotropic with the dielectric constant ε [107]. The following expression
represents the coupling of the anti-symmetric terms in the dielectric tensor to the magnetisation
of a sample:
ε˜ = ε
∣∣∣∣∣∣
1 −iQz iQy
1 0 −iQx
−iQy iQx 0
∣∣∣∣∣∣ (3.2)
Two normal modes can be derived from Maxwell’s equations for an electromagnetic wave in
a medium with a dielectric tensor of the form Equation 3.2. These modes are left-handed and
right-handed circularly polarised light with refractive index, respectively;
nL = n
(
1− 1
2
~Q·~k
)
(3.3)
nR = n
(
1 +
1
2
~Q·~k
)
(3.4)
where ~Q = Qx, Qy, Qz contains magnetic information of the material and is known as the Voigt
vector [108, 109], ~k is the unit vector along the direction of the light propagation. The complex
Kerr rotation is proportional to the difference between nR and nL, which leads to the expression
Φk = θk + ik, where θk is the Kerr rotation and k is the Kerr ellipticity [106, 107]. Therefore the
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magnetooptic effect can be equivalently described by two different complex indices of refraction for
light of right- and left-handed circular polarisation. The two circular modes travel in the medium
with different velocities and are attenuated differently resulting in rotation and elliptical effects
on the reflected light.
In the case where the light is reflected at a nonzero incidence angle, it is convenient to decom-
pose the incident and reflected light into p- and s-polarised plane waves, for which the polarization
vector is in the plane of incidence and perpendicular to it, respectively. In order to make the link
between the reflected field ~Er, and the incident field ~Ei using the unit vectors eˆp e eˆs, we have
considered that ~Ei, linearly polarised, propagating in a dielectric medium of refractive index n1,
forming an angle θ1 with the incidence plane, and iis reflected with an angle θ2 from a magnetic
medium with refractive index n2 (see Figure 3.5). Thus, the reflection event is described by the
following complex matrix relation [110, 111]:[
Erp
Ers
]
=
[
rpp rps
rsp rss
] [
Eip
Esi
]
(3.5)
where rij are the Fresnel coefficients. These coefficients are complex numbers which depend on
the optical properties of the sample such as the complex refraction index n, the complex Voigt
constant Q, and the polar, longitudinal and transversal magnetisation components. We need to
find the the Fresnel coefficients. However, this work has been done in the references [110, 111].
In Figure 3.5 θ1 and θ2 are the incidence and refraction angles, respectively, and they are related
through the Snell’s law [112].
Figure 3.5: Coordinate system used in the calculations of the Fresnel coefficients
3.3.2 Experimental setup
The experimental L-MOKE setup used in our experiment is presented in Figure 3.6. A laser
pulse, generated in the amplifier system + hollow fiber, is used as the light source (more details
in chapter 4). The generated probe beam has a spectral bandwidth between 550 − 650nm with
a temporal duration of 7, 4 fs (see chapter 4). A polariser is used to guarantee that the incident
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light is linearly polarised and it is focused on the sample using lens. After the reflection from
the magnetic sample, the divergent beam is focused by a second lens onto a half-wave plate and
the analyser. In our analysis, the reflected beam signal is separated into the s and p components
and they are balanced by the half wave plate. The signal difference is measured using balanced
amplified photodetector that acts as a balanced receiver by subtracting the two optical input
signals from each other, resulting in the cancellation of common mode noise. This protocol allows
us to observe small changes in the signal path extracted from the interfering noise floor.
Figure 3.6: Simplified experimental MOKE setup
3.3.3 Sample
In this work we have samples which consist of a 20-nm thick film of the ferrimagnetic rare earth-
transition metal (RE-TM) amorphous alloy Gd23Fe68Co9 with out-of-plane anisotropy. These
were provided by the Kimel Group at Radboud University Nijmegen, Netherlands. The sample
was grown by magnetron sputtering with the following multilayer structure: glass—AlTi (10
nm)—SiN(5nm)—GdFeCo(20 nm)—SiN(60 nm) (see Figure 3.7a). The AlTi layer serves as a
heat sink and the SiN as buffer and capping layers. The latter also serves as an antireflection
coating. This sample Gd23Fe68Co9 alloys is ferromagnetic, where the Fe and Gd sublattices are
coupled antiferromagnetically (see Figure 3.7b), while the Co magnetic moments are parallel to
those of iron. These alloys are widely used in magneto-optical recording and known for their
strong magneto-optical effects [113]. Depending on the RE ion concentration, RE-TM alloys can
exhibit magnetisation and angular momentum compensation temperatures, TM and TA respect-
ively, where the magnetisation (angular momentum) of the RE and TM sublattices are equivalent
and, therefore, the net magnetisation (angular momentum) is zero (see Figure 3.7c) [13].
3.3.4 Boxcar averager systems
In order to acquire the signal from each component separately, we have used balanced amplified
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Figure 3.7: (a) Typical structure of a GdFeCo sample, on either a float glass substrate or a SiN
membrane. (b) Antiferromagnetic alignment of the magnetic moments of the constituent sub-
lattices with respect to the external magnetic field of a generic ferromagnetic. (c) RE and TM
sublattices show very different temperature dependencies which leads, in a certain concentration
range, to the appearance of magnetisation compensation TM . Adapted from [13].
photodetectors, model PDB210A, which have two acquisition channels. However, the response
time of this kind of detector is on the order of 400 ns. Comparing the detection time with the
laser repetition rate, 1 KHz, we verify that the signal is not continuous, but it is a pulse train. This
fact happens because the time between two consecutive pulses (1ms) is larger than the detector
time response. In other words, the detection time of our system should be improved. A way
to solve this problem, allowing the observation of a continuous signal in our acquisition system,
has been achieved by using a gated integrator and boxcar averager system [114]. Moreover, this
method increases the signal/noise ratio because the signal is integrated over a chosen time-window.
The working principle of a gated integrator boxcar is illustrated in Figure 3.8. It is shown
how the laser trigger signal synchronizes the gate and the laser pulse. During a controlled time,
the gate is opened and the signal is measured. Then, the gate closes until a new trigger signal
is received and new data are acquired. The measured signal for each gate is proportional to the
selected time-window. The signal/noise ratio is controlled by changing the size and position of
the gate.
Figure 3.8: Operation of a gate integrator boxcar in static mode, i.e, fixing the gate against the
trigger signal.
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We can improve the signal/noise ratio through of the averaging function in the device. Let
us assume that the input signal is given by Vsignal and the signal to noise ratio by Vnoise, when
Vnoise is the standard deviation of the noise signal. As the noise signals, measured at different
times, are uncorrelated, the resulting noise is given by the root of the sum of squares of the
standard deviations of the stochastic signals, i.e. (Vnoise)
2 = (Vnoise1)
2 + (Vnoise2)
2 (in statistics
this quantity is known as the cross-correlation of two independents events). Thus the averaged
signal after N measuments is given by:
V =
1
N
N∑
i=1
Vsignal,i +
1
N
√√√√ N∑
i=1
(Vnoise)2 = Vsignal +
1√
N
√
(Vnoise)2 (3.6)
Thus the signal/noise ratio after N measurements is given by:
Vsignal
Vnoise
=
Vsignal
1√
N
√
(Vnoise)2
∝
√
N (3.7)
3.4 Analysis of the MOKE signal
The calculation of the electric field vector after the interaction of the light with the optical
components (the polariser, the lenses, the magnetic sample, the analyser and eventually the half-
wave plate) has been realized using the Jones matrix formalism [115]. Thus, the electric field
vector, ~Et, corresponding to the light after its interaction with the system, is expressed as a
function of the electric field vector of the incident ligth, ~Ei, using the equation:
~Et = Jsystem ~E
i (3.8)
where the Jsystem represents the Jones matrix associated to the optical system. Thus the polar-
isation of the electric field after a sequence of n optical devices can be easily determined if the
respective Jones matrices are known. Therefore, we can write the Jones matrix of the system as
the product of the Jones matrix of each element. In our system:
Jsystem = Janalyser·Jwaveplate·Jsample·Jpolariser (3.9)
Obviously, the elements of the Jones matrix depend on the chosen coordinate system. Thus,
if J and J
′
are representations of a Jones matrix in the bases {eˆx, eˆy} and {eˆ′x, eˆ
′
y}, respectively,
both matrices must be transformed according to the relationship:
J
′
= T(β)·J·T(−β) (3.10)
J = T(−β)·J′ ·T(β) (3.11)
where
T(β) =
[
cosβ sinβ
− sinβ cosβ
]
(3.12)
If the axis eˆ
′
x is rotated by an angle β in relation to the vector eˆx. The Jones matrices for the
analyser, half-wave plate and magnetic sample is described separately.
Polariser (analyser)
The polariser component consists of a birefringent medium, that is used to separate a beam
of light into its orthogonal polarisation states for isolation or routing. When this component is
used to analyse the light polarisation after its reflection from the magnetic sample, it is called an
analyser.
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The field transmitted by a polariser in direction eˆx is given by:
~Et = ~Eixeˆx (3.13)
where ~Eix is the component in direction eˆx of the field incident on the polariser. Then, if eˆx
makes an angle θp with the axis eˆp, the Jones matrix of the Glan-Thompson polariser can be
expressed [115]:
Jp =
[
cos2 θp sin θpcos θp
sin θpcos θp sin
2 θp
]
(3.14)
However, it is known that it is convenient to use the relationship eˆx = sin θpeˆp + cos θpeˆs, which
allows us to express the polarisation of the field after the polariser, in the form of the Jones vector:
~Et =
[
cos θp
sin θp
]
~Eix (3.15)
Half-wave plate
This optical component aims to introduce a phase ϑ in the component of the electric field
parallel to slow axis relative to the component parallel to the fast axis. Thus, the transmitted
field by a half-wave plate can be written as:
~Et = e−iϑ ~Eifasteˆslow + ~E
i
fasteˆslow (3.16)
We consider that the slow axis is rotated an angle θr relative to the axis eˆp. Representing ~E
t
in the {eˆp, eˆs} base, we obtain:
J = T(−θr)·
[
e−iϑ 0
0 1
]
·T(−θr) (3.17)
From which, we obtain the Jones matrix for the general case of a wave plate:
Jwp = T(−θr)·
[
sin2θr + cos
2θre
−iϑ
sin θrcos θr(e
−iϑ − 1)
sin θrcos θr(e
−iϑ − 1) cos2θr + sin2θre−iϑ
]
·T(−θr) (3.18)
We are interested in special case where ϑ = pi. The Jones matrix for this particular case is
known as half-wave plate, i.e.
Jλ/2 =
[
cos(2θr) sin(2θr)
sin(2θr) −cos(2θr)
]
(3.19)
The half-wave plate rotates the polarisation plane by an angle 2θr relative to the eˆp axis.
Signal detection
As already mentioned, the reflected light exhibits elliptical polarisation and may be described
with the aid of a complex angle ϕ = ϕ′ + iϕ′′ [116], i.e.
~Er =
[
cosϕ
sinϕ
] ∣∣∣ ~E∣∣∣ (3.20)
where the intensity
∣∣∣ ~E∣∣∣ is is given by:∣∣∣ ~E∣∣∣2 = |rppcos θ0 + rpssin θ0|2 + |rspcos θ0 + rsssin θ0|2 (3.21)
So far, the described system is sensitive to changes in the polarisation of the incident beam. Thus,
the polarisation of the incident beam on the analyser is given by the equation
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[
Ep
Es
]
=
[
cos(2θr) sin(2θr)
sin(2θr) −cos(2θr)
] [
cosϕ
sinϕ
] ∣∣∣ ~E∣∣∣ (3.22)
When the reflected beam passes through the analyzer is divided into two polarisation compon-
ents (s and p). These two components are focused on a detector with two channels allowing the
analysis of each signal separately and also the difference between them.
In general, magneto-optical effects are small, being of fundamental interest to optimize the
MOKE magnetometer to obtain maximum sensitivity [117]. For the polar and longitudinal Kerr
effects we achieve a good sensitivity on the Kerr rotation (θk) of the polarisation plane by per-
forming a differential measurement of the two components (s and p) of the reflected light. If ∆ is
the difference between the intensity of these two signals and
∣∣∣ ~Er∣∣∣ is the amplitude of the reflected
light, we obtain
∆ =
∣∣∣ ~Er∣∣∣2(cos2θk−sin2θk) = ∣∣∣ ~Er∣∣∣2cos2(2θk) (3.23)
and the sensitivity is therefore given by
d∆
dθk
= −2
∣∣∣ ~Er∣∣∣2sin2(2θk) (3.24)
being maximum for θk = 45
o. Upon hitting the sample, the refected light has a high electric field
component in the plane of incidence (small θk) because the incident wave was initially linearly
polarised in that plane (Ep). To maximize the sensitivity of the setup, we place (after the sample)
a λ/2 wave plate with its optical axis rotated 22, 5o relative to the p-plane. The beam will then
emerge from the plate with its polarsation plane rotated ∼ 45o (2×22, 5o) relative to the p-plane,
since the reflected. Therefore, considering the case where 2θ = 45o the intensities of p-polarised
and s-polarised beam are given by:
Is =
∣∣∣ ~E∣∣∣2
2
|cosϕ+ sinϕ|2 (3.25)
Ip =
∣∣∣ ~E∣∣∣2
2
|cosϕ− sinϕ|2 (3.26)
Using some trigonometric relations, we can rewrite the above equations as:
Is =
∣∣∣ ~E∣∣∣2
2
(cosh 2ϕ
′′
+ sin 2ϕ
′
) (3.27)
Ip =
∣∣∣ ~E∣∣∣2
2
(cosh 2ϕ
′′ − sinϕ′) (3.28)
To characterize a linearly polarised beam,
To characterise an elliptical polarisation we need to know two parameters: the angle between
the polarisation and the fast axis (for exemple) and the ellipticity (). These two parameters were
incorporated in the definition of the complex angle ϕ. It is particularly useful if the polarisation
is almost linear ≈ 0 and θ≈ 0, which corresponds to a polarisation field parallel to eˆp. Assumig
that θ = θ0 + η with η1, we can write
ϕ = θ0 + η + i (3.29)
Using this result to express the relation of the magnetisation with the polarisation after the
reflection and considering , η1, only the terms of zero order in Q in the module
∣∣∣ ~E∣∣∣ are relevant.
Then,
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Is = R(1 + 2η) (3.30)
Ip = R(1− 2η) (3.31)
where
|rpp|2
2 = R and the difference between these two intensities (Is − Ip) are:
Idif = 4Rη (3.32)
The magnetisation measurements using the MOKE technique require the application of an external
magnetic field. As was already commented, the rotation η undergone by polarisation is the sum
of the optical and magnetic effects:
η = θopt + θmag (3.33)
where θopt is a rotation whose origin electronic, being linear with the field, and θmag is the rotation
produced by the Kerr effect. However, as we are only interested in the latter contribution or the
magnetisation produced by the Kerr effect, we can consider that
Idif = 4Rθmag (3.34)
is analysed MOKE signal. To measure this signal, a glantaylor prism + half wave-plate is used
to separate the resulting beam into its two orthogonal components (Ep and Es), which are then
measured with differential detector. The Kerr signal is sent to a gated integrator and boxcar
averager and then displayed on a computer connected to a DAQ. The automatisation of the
MOKE setup is performed through a home-made LABVIEW program. Thus, to demonstrate
the capabilities of our apparatus we have studied a thin film sample of the ferrimagnetic alloy
GdFeCo. In Figure 5.1 we show hysteresis loops for the sample with and without the pump beam.
In the latter case we obtain a normal static MOKE loop for the sample. The loop obtained in
the presence of the pump beam, of fluence 2.7mJ/cm2., pulse width sub − 8fs and at a time
zero delay, shows a strong demagnetisation with respect to the normal state of the sample. The
increased sample temperature causes the loss of the ferromagnetic order (more details in Chapter
5).
3.5 Summary
In this chapter, which is divided into two parts, we summarised the main techniques the all-optical
pump-probe approach that allows access to magnetisation dynamics, namely Time-resolved Kerr
effect and Time-resolved second harmonic generation. We have shown that pump-probe methods
may be degenerate (pump and probe to the same spectral band) and non-degenerate (beams with
different spectral band). It was shown that each configuration has its limitations, for example, the
contamination of the pump in the measurements or temporal resolution. In the second part of this
chapter, We described the phenomenology of Magneto-optic Kerr effect, which is the basis of the
TR-MOKE techniques. In addition, the experimental apparatus used to measure the Kerr signal
was presented, and a description of each optical component and the data acquisition system used
in the experimental setup. Finally, an analysis of the signal MOKE was made using the formalism
of the Jones Matrix.
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Chapter 4
Experimental technique II:
Femto-MOKE
Our system has been carefully designed for the various sources of femtosecond pulses existing
in an laboratory (oscillator, amplifier and pulses of the combination amplifier + hollow fiber
compressor). The assembly went through three stages of implementation: in the first stage we
used pulses of the oscillator, in second stage was used amplifier pulses and finally the combination
mentioned above. In this chapter we will describe in detail the main components and challenges
in the development process.
4.1 Experimental Ultrafast Laser Setup in Porto
The laser system used in this work is a commercially available amplifier (Femtolasers Femto-
Power Compact PRO CEP), which is based on a CEP-stabilised ultrafast oscillator (Femto lasers
Rainbow). This oscillator is a chirped-mirror based Kerr-lens mode-locking laser, which generates
pulses with a duration of 6 fs with spectral bandwidth centered at 800 nm. The repetition rate
is 80 MHz and the energy per pulse is of about 2 nJ. The pulses are also sent through a Faraday
rotator for optical isolation, and through a glass stretcher, which stretches the pulses to about 20
ps. The beam is then sent to a multipass amplifier. This is a nine pass amplifier, and the beam
is focused in the gain medium at each pass (focusing length of 50 cm) with spherical mirrors.
After four passes, a Pockels cell pulse-picker selects pulses at 1 kHz repetition rate, and they are
sent back into the amplifier. After five more passes the pulses are extracted and compressed with
a Proctor-Wise prism compressor [118, 119]. The final compressed pulses have 1 mJ energy per
pulse, with a duration of 30 fs.
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Figure 4.1: Schematic representation of the laser system used in this work. OSC - oscillator; AOM
- acousto-optic modulator; APD - avalanche photodiode; PD - photodiode; AOPDF - acousto-optic
programmable dispersion filter; ISO - optical isolator (Faraday rotator); TOD CM - third-order
dispersion chirped mirrors; SP - spectrometer; PC - personal computer [extracted from [9].
4.2 Stages of the experimental setup
The implementation of the Femto-MOKE experimental setup went through several stages,
ranging from the use of different sources by choosing the appropriate components, dispersion
compensation, optical characterisation of pulses, the characteristics of the data acquisition system
and eventually reaching the ”ideal” stage are described in the following sections throughout this
chapter. We will make a brief description of the phases in which we used the oscillator and
the amplifier as sources to generateds the pump and probe pulses. The method calculate and
compensate the total dispersion of the components, the method used for calculate the spot of the
pump and, consequently, the fluence, the method for finding the zero and between the pump and
probe pulses and finally the optical characterisation of pulses are shown in detail in individual
sections.
4.2.1 Oscillator source
The first proposed setup of the experimental pump-probe apparatus is outlined in simplified
form in Figure 4.2. A CEP-stabilized ultrafast oscillator with 6fs pulse, 2nJ, with repetition rate
of 80 MHz and spectral width of approximately 640 to 1000nm is used. In this case the system
was degenerate, with both beams (pump and probe) having the same spectral bandwidth with the
potential to achieve a temporal resolution of the order of 6 femtoseconds.
The beam passes through the dispersion compensation system composed of 3 pairs of DCMS
with spectral range between 600 − 1200nm. Similar calculations which will be presented in sub-
section 4.3.1 for another source (hollow fiber+amplifier) indicates an estimated 6 reflections in the
DCM to compensate the dispersion of the components at this stage. The light is incident on a
beam splitter that reflect 5% for probe. The remaining energy of the original beam will be the
pump. The reflected beam by the sample with elliptical polarisation then goes through a half
wave-plate and an analyser for to separate (and balance) into polarisation components s and p.
The intensities of these components are measured by a balanced optical detector. The difference
signal between the two components will allow asses the relative magnetisation state of the sample
as a function of the time delay between the two beams (pump and probe) after excitation. The
temporal characterisation of the pump and probe were performed using only the autocorrelation
method (see Section 2.4), and the result pulses had a duration of 6.9 fs in the sample plane. In
Figure 4.3 we show the first measuremets of MOKE signal using samples of cobalt with a thickness
of ∼ 80nm as a test.
In the presence of the pump measurements were made by varying the delay. However, in the
literature indicated that the fluence necessary for the complete demagnetisation of cobalt was of
the order of 7mJ/cm2 [120]. The fluence calculated experimentally (see method in subsection
4.2.4) was approximately 1, 1mJ/cm2. Although the literature indicates fluence values above that
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Figure 4.2: Experimental setup degenerate pump-probe technique using oscillator as source.
obtained in our experiment, we therefore decided to use the laser amplifier pulses to confirm this
possibility.
4.2.2 Amplifier source
In Figure 4.4 we show the simplified experimental setup with the changes. It is possible to
observe that only 5% of the total energy of the amplifier is used in our experiment. With the use
of these pulses it was possible to obtain higher values of fluence in the sample plane. Changes were
made in the part of data acquisition due the laser repetition rate. These changes included the use
of a boxcar integrator and lock-in amplifier. Furthermore, it was necessary to incorporate new
optical components in order to adapt the setup to the pulses provided by the new source. Also,
it was necessary to make a new estimate of the number of reflections in DCMs to compensate
the total dispersion, this amount being increased to 18 reflections. We should emphasize that
procedures such as zero delay calculation between the pump and probe, measurement of the spot
(in the case of change of lenses to focus the beam on the sample) and calculation of the total
dispersion are remade everytime that the system undergoes changes.
In the initial studies we have made, we found that we can obtain good signal stability, which
is sufficient for the measurement of hysteresis loops at any chosen time delay. The measuremets
shown in Figure 4.5 were made with pump-on or pump-off for a given fixed delay. The strong
demagnetisation that we have observed is due the high fluency obtained from the pump (above of
7mJ/cm2).
Although we observed demagnetisation in the test sample for a fixed delay. Measurements of
the demagnetisation signal by varying the delay, i.e., TR-MOKE measurements were not possible
observed. As discussed in subsection 3.2.3, due to try this degeneracy configuration there was
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too much contamination of the pump light in the TR-MOKE measurements. Since the signal we
expected to measure was very small, of the order of 5mV , and the pump signal measured was two
orders of magnitude higher, it became impossible to do TR-MOKE measurements in the current
configuration, although we have applied some solutions already discussed in subsection 3.2.3.
Another problem in this configuration is the temporal resolution that is limited by the duration
of the pulses 25 fs. Therefore, our system needed new changes to eliminate contamination of the
pump in the TR-MOKE measurements and at the same time achieve the main aim that was a high
temporal resolution. A solution was proposed to use a non-degenerate system using laser pulses
resulting from a combination amplifier + hollow fiber, which will be discussed in the following
sections. This was the final solution opted for since it allowed us to achieve an aim of performing
ultrafast pump-probe measurements as unprecedented temporal resolution (tpulse∼ 8fs)
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Figure 4.3: Measurements of the static MOKE signal without the presence of the pump in cobalt
samples with a thickness of ∼ 80nm for different intensities of the probe (different beam splitters
with 5% and 0.7% reflecting,were used).
Novel dual-colour architecture for ultrafast spin dynamics measurements in sub-8 fs regime 47
CHAPTER 4. EXPERIMENTAL TECHNIQUE II: FEMTO-MOKE
Figure 4.4: Experimental setup for the degenerate pump-probe technique using the amplifier as
source.
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Figure 4.5: Hysteresis loops for different pumpprobe delays, demonstrating the ultrafast demag-
netisation. The chosen pump fluence is to 10mJ/cm2. The black loop was recorded without the
pump pulse and is the same in all figures.
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4.3 Generation of the pump and probe pulses from broad-
band hollow fiber compressor
Figure 4.6: Illustration of our experimental setup for spectral broadening through nonlinear
propagation. Adapted from [14].
As explained in Chapter 3, conventional dual-colour systems usually employ one or more optical
parametric amplifiers (OPAs) as a secondary source of spectrally tuneable femtosecond pulses in
the visible to near-infrared range. Our methodology consists in obtaining the two-colour pump and
probe pulses from the same broadband hollow fiber source. This approach has several advantages.
Unlike in OPA systems, the pump and probe pulses are very broadband and both support pulse
with durations below 10 fs; the pulses may also have similar energies since the BS is changed to
50:50, which is relatively simple. This enables us to exchange their roles when studying specific
samples that may benefit from a particular combination of central wavelengths for the pump
and the probe pulses [5]. Also, the full spectrum of the broadband source can be used for both
pump and probe pulses with only minimal changes in the setup, which is expected to result in
unprecedented temporal resolutions of the order of 6 fs. In our setup, the output from the amplifier
is coupled to a hollow fiber through a lens with a focal length of 1.5 m [121] (Figure 4.6). The
hollow fiber is placed inside a chamber with an argon gas pressure of 1 mbar. Spatial coupling
into the fiber is optimised using an iris placed before the lens, transmitting roughly 400 µJ out
of 580 µJ . After propagation through the fiber and output window, the beam contains 200 µJ ,
corresponding to 50% transmission, with a typical RMS power stability of 0.5% over 1 hour. Also,
after propagation through the hollow fiber, the pulse is sent to a system of chirp mirrors for
compensating the dispersion obtained in the step of generating new frequencies.
The spectrum of the beam after the hollow fiber compressor and the chirped mirrors is shown
in Figure 4.7, which spans from 500 nm to 1050 nm and supports a sub-4 fs pulse. This spatio-
temporal domain characterisation of sub-4fs pulses has been carried out by using a new technique
for the characterisation of ultrashort pulses: D-scan. For more details see references [14, 122]. A
typical experimental dispersion-scan trace of the hollow fiber is shown in Figure 4.7, along with
the retrieved scan and temporal and spectral analysis.
As mentioned above, our method consists in obtaining the two-colour pump and probe pulses
from the hollow fiber source. To these ends we use a glass windows (or dichroic mirror) as beam
splitter, 95% of the pulse energy is transmitted and is used in the pump; the remaining is reflected
and used as the probe (see Figure 4.8). In the case of the dichroic mirror the separation between
pump and probe is performed by separating the spatial regions, which are either reflected and
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Figure 4.7: (a) Representative measured and (b) retrieved d-scans for the hollow fiber compressor.
(c) Measured spectral intensity (black) and retrieved phase (thick red line, with the standard
deviation indicated by thin red lines). (d) Retrieved electric field of the pulses for the BK7 wedge
insertion that minimizes the intensity FWHM duration, corresponding to a sub-4 fs pulse
transmitted by the dichroic mirror, in other words, reflection of the spectral range of 700-950 nm
and transmits the remaining spectral range. In both cases, using colour filters, we can then limit
the spectral width of each beam. Pump and probe pulses show large spectral width (550-650 nm
and 700-950 nm respectively) supporting pulses durations below 10 fs. Here, it is worth mentioning
that we simulate the dispersion and temporal characterisation of the pump and probe in the two
situations presented here. We chose to maintain separation through the glass plate because the
dichroic mirror has a very thick substrate (6 mm) and many reflections in the chirp mirrors are
needed to compensate dispersion introduced by dichroic mirror. Thus the energy losses caused
by reflections in chirp mirrors were high (over 30% of the energy of the pump) and, consequently,
decreased the maximum fluence of the pump (see section 4.2.4). In the next section will show the
simulation of dispersion in the case of glass windows and the high number of reflections in chirp
mirrors to compensate the total dispersion of the optical components.
Dispersion simulation
Component Pump Probe
Air (2, 1 atm) 1, 5m'2mmBK7 1, 5m'2mmBK7
Lens 2, 5mmBK7 2, 8mmBK7
Glan-taylor polaraser 7, 5mmcalcite 7, 5mmcalcite
Half wave-plate 1, 5mmquartz 1, 5mmquartz
BS (glass windows) 0, 57mmBK7 -
Filter 0, 5mmBK7 0, 5mmBK7
Reducer telescope 6, 5mmBK7 6, 5mmBK7
Table 4.1: Optical elements and their respective thickness. Each beam will pass through the
specified thickness.
The temporal resolution of the pump-probe system is essential to study the magnetic phenom-
ena in femtosecond time scales. Therefore, the control of dispersion is extremely important so as
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Figure 4.8: A glass window is used as beam splitter and colour filters are used to split the main
beam into the pump (transmitted) and probe (reflected) pulses. The relevant measurements are
shown for the main beam as well as those for the pump and probe after the beamsplitter.
to maintain the high temporal resolution. To achieve this aim, we use dispersion compensation
through DCMs with bandwidth 450−950nm (see Chapter 2). These mirrors introduce a negative
dispersion that compensates the positive dispersion introduced by the optical components in the
experimental setup. The quantity of negative dispersion introduced by the DCMs is determined
by the number of reflections on these mirrors. Each reflection corresponds to compensation of neg-
ative GDD of −60 fs2 for the mirror pair. Therefore the first step was to find the total dispersion
in each ”arm” of the experimental setup.
In Table 4.1, the optical components of each arm and their thicknesses are indicated. Thus,
to find the dispersion associated with each component we must calculate the GDD which is the
product of group velocity dispersion with the thickness of the material. After, we sum all the
contributions of each optical element obtaining the total dispersion for both the pump and probe.
We should mention that the total dispersion of both beams must be equal and, therefore, in the
optical path of both we introduce a wedge pair to make those fine tuning necessary to ensure an
equivalent dispersion for both beams since the pre composition is made before the beam-splitter.
In Figure 4.9(a) show the estimated total dispersion. Thus, to compensate for this dispersion we
used 21 reflections in the DCM9. As shown in Figure 4.9(b) adding the dispersion of the elements
with the dispersion of DCM9 the curve becomes flat around zero.
4.3.1 Characterisation of the pulses by autocorrelation and d-scan tech-
niques
As shown in section 4.3 the separation between pump and probe was obtained using dichroic
mirror and in a later using glass windows. In the first alternative optical characterisation was
performed by the conventional method of autocorrelation. In the second this was performed using
the new D-scan technique [11]. Both situations are shown below.
52 Novel dual-colour architecture for ultrafast spin dynamics measurements in sub-8 fs regime
CHAPTER 4. EXPERIMENTAL TECHNIQUE II: FEMTO-MOKE
Figure 4.9: (a) Simulation of the total dispersion of the pump, GDD vs λ. (b) Compensation of
the total dispersion with 21 reflections in DCM9.
Autocorrelation
To measure the autocorrelations we use a commercial autocorrelator femtometer (available in
the Femtolasers). In Figure 4.11 show the measurements of the pulse performed by collinear (inter-
ferometric autocorrelation- IAC) and noncollinear (intensity autocorrelation- IA) configurations
(see Chapter 2, section 2.4). In the IA configuration the beams are focused in a nonlinear-optical
crystal, varying the delay between them and then the signal pulse energy vs. delay is measured.
While in the IAC we use the collinear beams, so that the second harmonic pulse created by the
interaction of the two different beams combines coherently with that created by each individual
beam. As a result, interference occurs due to the coherent addition of the two beams, and inter-
ference fringes occur vs. line delay ( see section 2.5).
D-scan
The experimental implementation of d-scan consists in measuring the SHG spectrum of the
pulse while the dispersion is varied via the translation of one of the glass wedges around the point
of maximum compression (minimum pulse duration). As a result, a spectrally resolved SHG trace
as a function of wedge insertion (dispersion) is obtained. In the present setup, we focus the pulses
pump (probe) with a lens with focal length of 200 mm (100 mm) in a nonlinear crystal placed in
the position where the pump and probe are overlapped in the sample plane (BBO, 20µm thick,
cut for type I SHG at 800 nm). The SHG signal is collimated with a lens and a blue filter is used
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Figure 4.10: Picture of the double chirped mirrors used in the experimental setup with 21 reflec-
tions.
to remove the remaining fundamental frequency signal before detection with the spectrometer
(HR4000, Ocean Optics Inc.). In Figures 4.12 and 4.13 show the measurements obtained for the
probe and pump with temporal duration 7.2 fs and 7.3 fs, respectively.
4.3.2 Zero delay between pump and probe by spectral interference
method
In chapter 3 it was shown that the principle of pump-probe spectroscopy is fairly simple. An
intense laser pulse (pump) arrives at the sample at a time t0, and interacts with the sample in
a way that changes some property of the sample. When the second pulse (probe) arrives at a
later time t0 + τ , its interaction with the sample will reflect this property change. By varying the
time delay τ , the relaxation of the perturbation induced by the pump can be mapped out by
detecting the outgoing probe signal. Therefore, to find the zero delay between the two beams is
another key parameter in pump-probe techniques. To calculate the zero delay we consider that
despite beams having different spectral ranges, there is a small overlap between them (690 nm
-740 nm) which allow us to find the zero delay position by a method of spectral interference as
shown in Figure 4.14. With the use of a spectrometer we observed the pattern of interference
fringes (Figure 4.15).
4.3.3 Measurement of the pump beam spot size
The pump fluence of the excitation pulse plays a crucial role, i.e., it is through this parameter
that the sample is perturbed to a state of non-equilibrium and subsequently the changes experi-
enced by it are monitored through the probe. Therefore, it is essential to know the fluence provided
by the pump. In order to calculate this variable, it is necessary to determine the diameter of the
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Figure 4.11: (a) Spectra for the pump and probe beams from the dichroic mirror, (b) meas-
ured intensity autocorrelation of probe beam and (c) measured interferometric autocorrelation of
pump beam and corresponding (calculated) intensity autocorrelation. Retrieved pulse duration
(assuming sech2 shapes) is 8 fs for both pulses.
beam (spot) at the sample plane. Knowing the diameter, the fluence is given by:
Fluence =
Energy(mJ)
pir2(cm2)
(4.1)
where r is the radius of the spot. To calculate the diameter of the spot we used a charge-coupled
device (CCD) camera with a proper imaging system. We can measure the spot at the surface of
the sample by measuring its scattering. This techique offers a simple setup, fast in implementation
and analysis. It also has an important advantage: since we are measuring the scattering from the
sample surface, the spot can only be overestimated. Thus, if the measured spot radius is smaller
than what is needed for the fluence values that we need to start the dynamics of demagnetisation,
we need not worry about experimeltal errors, since it can only be smaller than what is mesured.
A 2f-2f imaging system was used to crea a 1:1 image of the spot in the sample (Figure 4.16).
To analyse the results, the image obtained from the CCD is imported as an numerical array to a
Python program. The spot is then fitted using gaussian functions both vertically and horizontally,
and the width is calculated at 1/e2, since as we are measuring an intensity. In literature we find
that for GdCoFe sample the fluence values needed are between 0, 3 − 3mJ/cm2 to initiate the
process of demagnetisation of the sample. Therefore, to obtain these values of fluence the spot
in the sample plane must have a diameter of approximately 380µm or less. In Figure 4.17 we
show experimental measurements of the pump spot in the sample plane. Doing a Gaussian fit for
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Figure 4.12: (a) Measured and (b) retrieved d-scan traces for the probe pulse (central wavelength
of approx. 600 nm); retrieved probe pulse in the spectral (c) and temporal (d) domains; probe
pulse width is 7.2 fs (FWHM).
each axis and calculating the value FWHM we obtain that X '327µm and Y '422µm. Thus, we
ensure that the fluence values in the sample plane will be within the range mentioned above.
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Figure 4.13: (a) Measured and (b) retrieved d-scan traces for the pump pulse (central wavelength
of approx. 800 nm); retrieved pump pulse in the spectral (c) and temporal (d) domains; pump
pulse width is 7.3 fs (FWHM).
Figure 4.14: Experimental scheme to find the zero delay between pump and probe.
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Figure 4.15: Experimental results of spectral interferometry using pump and probe beams
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Figure 4.16: Experimental setup used to measure the spot of the pump.
Figure 4.17: Laser spotsize as viewed by the CCD camera and imported to a Python color map.
Spot size measurements in X and Y axis. The data is fitted using a gaussian curve and the width
is measure at 1/e2 of the maximum, since we are measuring an intensity
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4.4 Femto MOKE setup
Our pump-probe system (Figure 4.18) is based on a commercial titanium:sapphire laser amp-
lifier (Femtolasers Compact Pro CE-phase) delivering sub-30-fs laser pulses (approximately 40nm
bandwidth centered at 800nm) with 1mJ of energy at a repetition rate of 1 kHz and with CEP
stabilisation. These pulses are further post-compressed in a home-built state-of-the-art HCF and
chirped-mirror compressor that uses the dispersion-scan (d-scan) technique for the simultaneous
measurement of the pulses (as described in subsection 4.3.1). We make use of a refractive tele-
scope, consisting of two lenses with a focal length of -100 and 400 mm, to reduce the diameter of
the beam prior to sending the pulses through a second chirped-mirror set. These chirped-mirrors
effectively compensate the dispersion induced by the different optical elements along the beam
paths. They have a working spectral bandwidth between 500 and 950 nm and are capable of com-
pensating, up to high-order, the material dispersion associated with the telescope, the air paths
and all remaining optical components (beamsplitter, filters, lenses, wave-plates and polarizers)
traversed by the pulsed beams on their way to the sample under study.
After the chirped mirrors, we place a glass plate which act as beam splitter that reflects 4%
of the energy which is used as the probe. The rest of the beam is transmitted and is used as
the pump pulse. For limiting the spectral bandwidth of the pump, we use a colour filter with
transmission ranging from 700 to 950nm. Moreover, in the optical path of the pump beam, a
polariser cube and a half-wave plate for controlling the intensity of the beam at the sample plane
have been added. The pump pulse is then sent through a mechanical delay line (0, 1µm step,
corresponding to a minimum step size of 0, 3 fs resolution). On the other hand, the spectral range
of the probe beam is selected using a colour filter that transmits in the range of 550 − 650nm.
In order to obtain a more homogeneous polarisation of the probe beam, a polariser cube, similar
to the one placed in the optical pump, is introduced. In both pump and probe beams, we place
lenses with 200mm and 100mm focal length which produce focused spots of about 380µm and
180µm, respectively. In any optical pumping experiment, these spots must be accurately focused
and overlapping on the sample surface. The presently installed magnet and associated bipolar
power supply can generate a magnetic field of up to 1 T in the sample plane.
The detection of the sample magnetic state is performed via the measurement of the MOKE
signal obtained from the probe beam reflected from the sample surface (see Chapter 3 in section
3.3). We have used the longitudinal Kerr effect where the rotation angle of the polarisation is
directly proportional to the in-plane magnetisation contribution. While the pump beam was set
at normal incidence, the probe beam was set to 45o in order to maximize the magneto-optical
response. Then, the reflected beam is directed through a broadband half-wave-plate and an
analyser to separate (and balance) the s and p polarised components prior to measuring their
corresponding intensities using a balanced amplified photodetector. The difference in the signals
allows us to evaluate the relative magnetisation state of the sample as a function of the time delay
introduced between pump and probe beams.
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Figure 4.18: :Schematic illustration of the pump-probe apparatus
4.5 Data acquisition
The data acquisition system in our experiment includes an optical delay and a network of electronic
acquisition tools such as the optical detector, an integration / filtering device and a data acquisition
board (DAQ). In order to choose the appropriate detector for the acquisition system, we must
pay attention to some important criteria such as the repetition rate of the laser system and
sensitivity [98]. As our system is based on a low-repetition rate and, also, since the TR-MOKE
signal is very small being in order ofmV , our adopted detection system is composed by combination
boxcar averager (see chapter 3, section 3.3.4) and lock-in amplifier (next section).
4.5.1 Lock-in amplifier
As mentioned in Chapter 3 the principle the boxcar averager is very simple. The laser trigger
signal synchronises the gate times with the laser pulse. During a controlled time, the gate is
opened (for a specific time on time windows) and the signal is measured. Then, the gate closes
until a new trigger signal is received and new data are acquired. The measured signal for each
gate is proportional to the selected time-window. The Signal/Noise ratio is controlled by changing
the size and position of the gate. The signal output from the box boxcar averager is sent to the
lock-in amplifier.
Lock-in measurements require a frequency reference. Typically an experiment is excited at a
fixed frequency and the lock-in detects the response from the experiment at the reference frequency.
In other words, in pump-probe experiment, the power of the pump beam is modulated on and off
(Figure 4.19) at a known frequency fc ( fc = 0.500 kHz in our experiment). If the pump laser has
a repetition rate flaser, and is chopped with a synchronized chopper (e.g., fc = flaser/2), then
on will represent one pulse transmitted by the chopper and off will be one pulse blocked by the
chopper.
Therefore, in the presence of modulated excitation by chopper with frequency fc, the signal at
the input of the lock-in, in first order of perturbation produced by excitation, is given by:
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Figure 4.19: (a) In the case where the delay is fixed, the amplitude of the measured signal is
constant. (b) In the case of variable delay between pump and probe the amplitude of the measured
signal varies with it. Dashed line represents an illustration of the TR-MOKE signal measured using
the lock-in.
S = I + ∆I·f(t) (4.2)
I being the MOKE signal, ∆I the induced perturbation by excitation and f(t) a square wave of
frequency ωc/2pi that modulates the excitation, being that different frequencies this value will be
deleted by the lock-in. In the next chapter will be presented and discussed the results obtained
with our new experimental setup.
4.6 Summary
In this chapter, we described all stages of the development of pump-probe experimental setup with
resolution sub-8fs. In each stage was used a different laser source to generate the pump and probe.
Also, were necessary inserting or removing optical components and adapt the system to acquire
data. Finally, we chosen to use the pulses generated from the combination hollow fiber + amplifier.
This combination provided pulses with a large spectral bandwidth capable of supporting sub-4fs
duration, fundamental for the pump and probe with a large spectral width and, therefore, short
duration.Procedures for calculate the zero delay temporal between pump and probe, fluence and
spots of pump and the acquisition of data by boxcar + lock-in were described in detail in this
chapter.
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Results and Analysis
In this chapter, we present the measurements performed using our home-made experimental set-up
described in Chapter 4. In order to demonstrate the capabilities of our apparatus, we have studied
the magnetic behavior of a ferrimagnetic rare earth-transition metal (RE-TM) thin film, in the
form of a GdFeCo alloy. In this alloy, the Co and Fe sublattice magnetisations are coupled ferro-
magnetically with each other and the total magnetisation of Fe and Co is coupled antiferromag-
netically with that of Gd, yielding a ferrimagnetic order. This RE-TM alloy has been extensively
studied due to its strong magneto-optical response [13]. In particular, we carried out our measure-
ments on a 20nm thick Gd23Fe68Co9 thin film which was grown by magnetron sputtering in the
following multilayer structure: glass/AlTi (10 nm)/SiN(5nm)/GdFeCo(20 nm)/SiN(60 nm) ( see
section 3.3.3). The AlTi layer serves as a heat sink and the SiN as buffer and capping layers. The
latter also serves as an antireflection coating. This film shows out-of-plane magnetic anisotropy
and the Curie temperature (TC) is about ≈ 500K
5.1 Introduction
After energy transfer from the pump pulse, two main effects can locally take place in a fer-
romagnetic thin film: (i) a decrease of the macroscopic magnetisation due to its temperature de-
pendence [17, 3, 24], and (ii) the different anisotropy contributions that determine the equilibrium
magnetisation direction can be altered [32, 41]. In other words, both the length and the direction
of the magnetisation vector can be modified by an optical pulse. Therefore we can identify two
characteristic times in TR-MOKE measurements [123]. According to the three-temperature model
(see section 5.3), the rate of demagnetisation is characterised by the demagnetisation time τM .
This time constant is approximately the same as the electron-spin relaxation time τe−s, namely
the time constant for the energy relaxation process between conduction electrons and the spin
system. Also, on a longer time scale we can observe an oscillation with damping on a time scale of
ps, corresponding to the magnetisation precessing [124] around its equilibrium direction according
to the Laudau-Liftschitz-Gilbert equation (see Equation 1.31).
5.2 Lase-induced precession dynamics
The laser-induced dynamics were firstly confirmed by measuring the in-plane hysteresis loops
of the ferromagnetic GdFeCo thin film with and without applying the pump beam (Figure 5.1).
While in the latter case we obtain the standard static MOKE hysteresis loop, the curve, obtained
in the presence of a pump fluence of 2.7mJ/cm2 with a pulse width lower than 8 fs and for the
time delay when the observed demagnetisation was maximum, shows that the sample magnetisa-
tion is reduced to about 70 % of its normal saturation value. This demagnetisation upon laser
excitation can be attributed to the increased spin temperature from absorption of the pump-laser
pulse [22]. The energy of the photons is transfered to the electron system by creating high-energy
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electronic excitations (hot electrons). It is known that energy from the hot electron system to
thermal electrons, lattice (phonons), and spin degree of freedom proceeds at an enormously fast-
est down to subpicosecond-timescale. Before the excitation induced by the pump-laser pulse, the
electrons constitute a system with defined temperature T, distributed according to the Fermi Dirac
distribution. The pump pulse excites a small quantity of electrons to a non-fermionic distribution
without set temperature i.e. non-thermalised electrons (hot electrons). Due to electron-electron
scattering, the electron system thermalises to the Fermi-Dirac distribution at the higher temper-
ature T + ∆T . The energy is then transferred from the thermalised electron system to the lattice
and spin system by the electron-phonon and electron-spin scattering processes. Therefore, the
increased sample temperature causes the loss of the ferromagnetic order (Figure 5.1).
Figure 5.1: In-plane hysteresis loops of the GdFeCo thin film without (•) and with pump pulse
(•) and using a pump fluence of 2.7mJ/cm2.
Once we verified that the ferrimagnetic system could be excited using sub-10-fs pulses, we
studied its time-resolved magnetisation dynamics. However, we should note that with our set-up
configuration, which uses linearly polarised laser pulses with a fluence of 2.7mJ/cm2 and an in-
plane external magnetic field, magnetisation switching of the sample is not allowed and we can
focus our attention on the ultrafast demagnetisation and precessional processes [13, 125]
As was previously observed [126, 127], the magnetisation shows a sudden drop within the
first picosecond after the pump pulse, a fast recovery (remagnetisation) within a few picoseconds,
followed by a clear oscillation or precession during a slower magnetisation recovery, which is char-
acterised by the ferromagnetic resonance frequency ωFMR and the Gilbert damping parameter α.
Our TR-MOKE results are summarised in Figure 5.2 where different in-plane external magnetic
fields were applied to the sample. The displayed measurements are obtained making the differ-
ence between the acquired measurements for external magnetic field H+ and H−, because the
differentiation with respect to ~H removes the electronic component, as is usually done in properly
processed magneto-optical experiments [1]. The damped precessional motion of magnetisation ori-
ginates from heating effect [128]. It is known that the absorption of the intense laser pulse quickly
increases the temperature of the sample under the area of the pump laser spot and accordingly de-
creases the magnitude of the magnetocrystalline anisotropy (only due to change in magnetisation),
giving rise to a new equilibrium orientation for magnetisation when combined with the applied
magnetic field. The magnetisation starts to precess initially around the new time-dependent equi-
librium direction due to the torque rising from the angular difference between the magnetisation
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and the new effective field directions. After a couple of picoseconds, the equilibrium orientation of
magnetisation progressively returns to its original position. The magnetisation, which is already
out of the original equilibrium caused by the sudden change in magnetic anisotropies, has a tend-
ency to align along the original effective field orientation. Therefore, it continues the precession
on a timescale of hundreds of picoseconds, until it reaches at the original equilibrium again.
Figure 5.2: Time-dependent MOKE demagnetisation and precessional curves for a GdFeCo ferro-
magnetic thin film as a function of the external applied field.
We begin our analysis by focusing on the oscillatory behavior of the magnetisationshown in
Figure 5.2. In our experiment, we applied an in-plane magnetic field strong enough to keep the
sample magnetisation in plane and parallel to the effective anisotropy field, which depends on
several factors such as the external applied magnetic field (strength and direction), the sample
magnetocrystalline anisotropy energy and the shape anisotropy energy. Usually, this behavior
follows a damped precessional motion on a timescale of hundreds of picoseconds, until the original
equilibrium state is regained. In order to obtain a correct fit of the precessional processes, without
any contamination from the ultrafast demagnetization, the TR-MOKE measurements were fitted,
after a delay time of 10 ps, to a damped-harmonic function superposed with an exponential decay
background [129, 130]
θ = θ0 +A·e
t
t0 +B·sin (2piωFMRt+ ϕ)e
−t
τ (5.1)
where θ0 andA are the background magnitudes, the e
t
t0 term is the remagnetisation with relaxation
time t0. The final term represents the precessional motion with the resonance frequency ωFMR,
relaxation time τ and initial phase ϕ. The experimental precessional curves and the fits using
Equation 5.1, with different applied fields, are summarised in Figure 5.3. The obtained results
show that the model agrees very well with the experimental data.
From the previous analysis, we have determined the resonance frequency of the precessional
motion (ωFMR) can be determined [126] and its field-dependence is shown in Figure 5.4. Assuming
that both the external magnetic field and the sample magnetisation are in the sample plane, we
have used ωFMR from the Kittel approximation (Equation 5.2).
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ωFMR =
γ
2pi
·
√
H(H −Hu) (5.2)
where γ is the gyromagnetic ratio and Hu is the effective anisotropy field of the sample. This
analysis confirms that the GdFeCo thin film shows an effective out-of-plane anisotropy energy with
an effective anisotropy field of Hu = (0.7± 0.2) kOe and an effective g-factor of geff = (3.4± 0.2),
in agreement with the values obtained by Kato et al. [131].
The Gilbert damping parameter
the relation (1/τ) versus H can be obtained from the fits and compared with the theoretical
calculations (Figure 5.4a) [129]:
1
τ
= piαγ(2H −Hu) (5.3)
with α the theoretical damping, H the external applied field, Hu the effective anisotropy field and
γ the gyromagnetic ratio. Then, the damping paramete α = (0.159± 0.001) was extracted which
is also in agreement with the values reported in other works [131, 126].
However, and although (1/τ) should be roughly proportional to (ωFMR), a significant deviation
from the theoretical curve has been observed at H = 3300Oe. Therefore, we can conclude that
while the Gilbert damping dominates at higher fields, the relaxation process in the lower field
regime is governed by the extrinsic magnetic relaxation, which may be related to the presence of
inhomogeneities and/or defects in the sample [129, 124, 132]. An alternative approach to evaluate
is based on defining the effective Gilbert damping constant, αeff, which is expressed by [129]:
αeff =
1
2piωFMRτ
(5.4)
where ωFMR and τ values at each applied H were estimated from the experiment (Figure 5.4b).
The αeff value is identical to or larger than α, and corresponds to an upper-bound value of α. In
theory, does not depend on H, but in contrast, extrinsic magnetic relaxation significantly does,
implying that αeff also changes with H [132, 133]. As observed in Figure 9 b, when Gilbert
damping dominates the extrinsic magnetic relaxation process, such as for large applied magnetic
fields, αeff should be constant, independent of H and close to α = (0.159± 0.001). On the other
hand, αeff should be larger than α for lower applied fields. Another possibility about the divergent
point in the Figure 5.5 ( magnetic field H = 3300Oe) is that it could have originated by a defect
in the sample. Besides, with this sole point, we cannot draw many conclusions. It is necessary to
make more measurements.
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Figure 5.3: Precessional curves (◦) and fittings (−) for a GdFeCo ferromagnetic thin film as a
function of the external applied field: (a) 4150 Oe, (b) 3980 Oe, (c) 3680 Oe and (d) 3300.
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Figure 5.4: Field dependence of the resonance frequency (◦) and the theoretical fitting using the
Kittel approximation (−).
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Figure 5.5: (a) Field dependence of (1/τ): Experimental data (◦) and theoretical fit ((−)) using
EquationEquation 5.3. (b) Field dependence of (eff): Experimental data (◦) and theoretical
damping coefficient () ((−)) calculated from Equation 5.3.
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5.3 Ultrafast demagnetisation
Next, we focus our attention on the ultrafast demagnetisation and the fast remagnetisation
processes within the initial picoseconds after excitation by the pump pulse. For this purpose, we
performed time-resolved pump-probe experiments using a pump-laser fluence of 2.7mJ/cm2, with
a pulse width of ≈ 7.8 fs, an external applied field of 3300 0e and ranging the time-delay from
−1 to 2 ps. Under these experimental conditions, we previously determined that the sample was
demagnetised up to 70% of its normal saturation (Figure 5.1). The normalised demagnetisation
signal is shown in Figure 5.6a. An ultrafast laser-induced demagnetisation process is observed,
with a minimum at a delay t of ≈ 800 fs, followed by a recovery of the magnetisation, which is
consistent with previous studies [134, 135].
Figure 5.6: (a) The experimental demagnetisation data of GdFeCo and (b) expected temporal
evolution of the spin temperature using Equation 5.8 (open black symbols). Both curves were
fitted within the 3T model (−).
The ultrafast demagnetisation and restoration of the ferromagnetic order on the ps timescale
upon laser excitation can be described using the three-model temperature (TTM) [136, 22], where
it has been assumed that the energy supplied to the sample by the photons can be worked on differ-
ent timescales in three different ways: the energy of the electrons (e), the phonon or lattice energy
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(l) and the spin energy (s), which is related with the magnetisation change. Therefore, within the
3T model, the electron temperature, Te(t), is coupled to the lattice temperature ,Tl(t), and the
spin temperature ,Ts(t), in the form of the following three coupled differential equations [136, 22]:
Ce(Te)
∂Te
∂t
= −Gel(Te − Tl)−Ges(Te − Ts) + P (t) (5.5)
Cl(Tl)
∂Tl
∂t
= −Gel(Tl − Ts)−Gsl(Tl − Ts) (5.6)
Cs(Ts)
∂Ts
∂t
= −Ges(Ts − Te)−Gsl(Ts − Tl) (5.7)
where Ce(Te), Cl(Tl) and Cs(Ts) are the electronic, lattice and spin specific heats, respectively.
Gel, Ges and Gsl are the electron-lattice, the electron-spin and the spin-lattice coupling constants
which determines the rate of the energy exchange between the electrons, the lattice and the
spin. P (t) is the laser power density absorbed in the material, which is described by a Gaussian
function with a 8 fs pulse width (FWHM) and a fluence of 2.7mJ/cm2. Note that the three-model
temperature is purely thermodynamic in nature and hence fails to account for the wavelength of
the excitation.
Figure 5.7: (Calculated temperature profiles for a GdFeCo thin film excited by a 8 fs laser pulse
and a fluence of 2.7mJ/cm2, ((−)Te(t), (−)Tl(t) and (−)Ts(t)).
Therefore, and in order to study the evolution of the magnetisation, we firstly need to extract
the experimental spin temperature (Figure 5.6b) using the Bloch T 3/2 law [134]:
M(Ts)/M(Troom) =
[
1−
(
Ts/TC
3/2
)]
(5.8)
where TC is the Curie Temperature (TC = 500K forGdCoFe) [134, 137]. Ts reaches a maximum
temperature of around 365K at ≈ 800 fs after the pump pulse. Considering that the specific heat
of the electrons is proportional to the electronic temperature as Ce(Te) = a˜Te with a˜ = 714J/m
3K2
[134, 36] and solving the three coupled differential equations (3T model), the experimental spin
temperature has been tuned until a reasonable agreement was obtained between the calculation
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and the experiment(Figure 5.6b). Our best fit was achieved for Cl(Tl) = (2.33x10
6) J/m3K,
Cs(Ts) = (0, 34x10
4) J/m3K, Gel = (8, 19x10
17)W/m3K, Ges = (0, 2x10
16)W/m3K and Gsl =
(0, 55x1016)W/m3K which are reasonable values when we compare them with the typical values
of metals [22] and a GdFeCo alloy with similar chemical composition [134]. Finally, and using
the Equation 5.8, the evolution of the fitted magnetisation was represented in Figure 5.6a.
Figure 5.6 shows the temporal dependence of the calculated Te(t), Tl(t) and Ts(t). While the
laser energy acts on the electron subsystem reaching a maximum temperature of around 670K
just after excitation, the increase of the spin temperature is slower and it reach a maximum value
of around 365K at ≈ 1ps after laser excitation. Moreover, the curves also show the energy transfer
from electrons and spins to the lattice and Te(t), Tl(t) and Ts(t) reach the same temperature after
few ps.
The double pump pulse
In our first measurements, obtained with our experimental setup, we observe the appearance
of two demagnetisation peaks (see Figure 5.8(a)). To understand why this occur we need to report
some concepts of optics.
Figure 5.8: TR-MOKE measurements in GdFeCo sample (a) with a waveplate and (b) without
waveplate in the optical path of the pump.
When light impinges an anisotropic medium, independent of the initial state of polarisation,
the direction of oscillation of its electric field can be decomposed into two components known
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as extraordinary ray (parallel to the direction of the optical axis of the medium) and ordinary
ray (perpendicular to the optical axis of the medium), which travel with different propagation
velocities. This means that there are two distinct refractive indeces, ne and no related to the
extraordinary and ordinary rays, respectively (Figure 5.9). Such a the medium is called birefrin-
gent. An application of these types of materials is the construction of wave plates i.e. optical
components whose aim is to change the phases between the o and e components of the incident
light.
Figure 5.9: Diagram illustrating of a linearly polarized plane wave incidence in a birefringent
medium with the angle θ with relative to the optical axis of the medium (in the y direction),
where the extraordinary (E) and ordinary (O) components are indicated.
In our experimental setup we used a half-wave plate+polariser to change the polarisation and
energy of the pump. However, due to the birefringence of the material which constitutes the
half-wave plate a replica of the pump is generated and reaches the sample plane with a delay
of the order of 3 ps relative to the original beam. Thus, these two pumps in the sample plane,
generate two demagnetisation signals. In Figure 5.8(b) shows plot of the temporal evolution TR-
MOKE signal without waveplate in the optical path of the pump. The parameters used were:
pump fluence 2.7mJ/cm2, magnetic field 3300Oe and time delay step of 8 fs. Measurements
were performed in H+ and H− directions of the magnetic field. After removal of the half-wave
plate, it is necessary to make an adjustment using wedges (moving the same thickness of the
component) to compensate the absence of 3mm of thickness of the half-wave plate, in order
to maintain unchanged pulse duration. The measure presented here confirm that by removing
only the wave plate the double demagnetisation signal disappeared. We should mention that the
measurements of temporal evolution TR-MOKE signal and analysed in the previous sections were
acquired without the presence of wave plate.
5.4 Summary
In this chapter, we reported results dynamically measurements pressure induced magnetisation
and demagnetization ultrafast laser in GdFeCo samples using our femto-MOKE experimental
setup. Once this sample is well characterized in the literature, our aim was to reproduce some
results and compare with the existing, in onder to show the reliability and versatility of our setup
for the study of ferromagnetic materials. Initially, measurements were made of the precession of
the magnetisation as a function of the effective field. Parameter as frequency of precession and
damping factor are obtained in our analysis. In the second phase of testing of our system was
made measures around the zero delay position (zoom) with high resolution. These results were
compared with the existing literature and showed that using our new system is possible to access
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the dynamics of magnetisation of ferromagnetic materials.
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Conclusion and future
perspectives
We have developed a new dual-colour pump-probe MOKE spectrometer dedicated to the study
of ultrafast demagnetisation processes in a range of magnetic materials and structures. This
versatile setup uses state-of-the-art ultrafast optical methods to deliver ultrashort laser pump and
probe pulses permitting the observation of magnetization dynamics at unprecedented temporal
resolutions for a system of its type. Contrary to conventional dual-colour systems, which usually
employ one or more OPAs as a secondary source of spectrally tuneable femtosecond pulses, our
approach consists in obtaining the dual-colour pump and probe pulses from the same broadband
hollow-fibre source. This approach has several advantages. Unlike OPA systems, the pump and
probe pulses are very broadband (450 − 700nm and 700 − 950nm, respectively) and can both
support pulse durations below sub-8 fs range. The setup permits control of both polarisation and
energy of the pulses, allowing the detection of both polarisation rotation and ellipticity. This few-
cycle regime is also highly promising for the direct excitation and observation of coherent ultrafast
magneto-dynamic behavior, which is expected to help us to get a deeper understanding on both
the conservation of angular momentum associated with the demagnetization process, and the
relation between the spin thermalisation and the corresponding quasi-equilibrium magnetisation.
Furthermore, CEP-stabilized sub-5-fs pulses open the way for exploring the possible dependence
of the induced magnetization dynamics on the electric field of the excitation pulses.
To demonstrate the essential capability of our dual-colour set-up described in this thesis, we
have measured the ultrafast demagnetisation and precessional dynamics in a ferrimagnetic Gd-
FeCo thin film using a pump pulse fluence of 2.7mJ/cm2, with sub-8-fs pulse width and ranging
the time delay from −1 to hundred of ps. We observed that the magnetisation shows a sud-
den drop within the first picosecond after the pump pulse and a fast recovery (remagnetization)
within a few picoseconds, followed by a clear oscillation or precession during a slower magnetisa-
tion recovery. Regarding the precessional behaviour, we have determined both the ferromagnetic
resonance frequency ωFMR and the effective Gilbert damping parameter αeff, in good agreement
with the current literature. Moreover, the ultrafast demagnetisation and the fast remagnetisation
processes within the initial picoseconds after excitation by the pump pulse has been analysed
using an external applied field of 3300 0e and a time delay ranging from −1 to 2 ps. Under these
experimental conditions, measurements of the laser-induced demagnetisation revealed a minimum
at ≈ 800 fs. Within the three-model, the electronic, lattice and spin specific heats, as well as the
electron-lattice, the electron-spin and the spin-lattice coupling constants were calculated. There-
fore, we have experimentally confirmed that our sub-8-fs pump pulses are able to efficiently induce
demagnetisation in a ferromagnetic material. We expect that the present pump-probe system,
when operating in a degenerate configuration with CEP-stabilized sub-5-fs pulses , will enable us
to further explore this limit, which we believe is an important aim for future developments in the
femtomagnetism research field.
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Appendix A
Nonlinear Index of Refraction
The nonlinear dependence of the polarisation of an electric field with high intensity, can be ex-
pressed as power series in ~E [138, 139]:
~P = ε0(χ˜
1 ~E + χ˜2 ~E ~E + χ˜3 ~E ~E ~E + . . .) (A.1)
where χ˜n is the n-th order nonlinear susceptibility.
Consider a spatial inversion in a centrosymmetric material. We have P (2)→−P (2), E(2)→−E(2),
but X(2)→X(2), because the material has inversion symmetry. When then have that
−P (2) = ε0(− ~E)( ~E) = P (2) (A.2)
And so P (2) = 0 which implies that X(2) = 0. A similar argumente holds for higher-order even
terms in Equation A.1.
For moderate intensities laser (up to about 1012W/cm2) in centrosymmetric media, we may
terminate the Equation A.1 after the third- order nonlinear polarisation. Because the material is
isotropic, P and E are parallel, and will henceforth be represented by scalars. Including all three
permutations of the fields on the hand side Equation A.1 which contribute to the third-order
nonlinear polarisation, we can write:
~P = ε0(χ
(1) +
3
4
χ(3)
∣∣∣ ~E∣∣∣2)E (A.3)
The propagation of light in a nonlinear medium is governed by the wave equation which was
derived from Maxwells equations for an arbitrary homogeneous, isotropic dielectric medium. This
equation is given by:
∇2E2 − 1
c
∂2E
∂2t
= − 1
ε0c2
∂2P
∂2t
(A.4)
Substituting Equation A.3 in Equation A.4 leads to a index of refraction given by [140, 141, 142]
n =
√
1 + χ(1) +
3
4
χ(3)
∣∣∣ ~E∣∣∣2 (A.5)
Taking the nonlinear term to be small compared to term linear n20 = 1 + χ
(1), we can write:
n =
√
n20
(
1 +
3
4n20
χ(3)
∣∣∣ ~E∣∣∣2) (A.6)
n = n0
(
1 +
3
4n20
χ(3)
∣∣∣ ~E∣∣∣2) 12≈n0 + n2I (A.7)
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where the intensity of the light is
I =
1
2
ε0cn0
∣∣∣ ~E∣∣∣2 (A.8)
and the nonlinear refractive index, n2, is:
n2 =
3
4ε0cn20
χ(3) (A.9)
Equation A.7 shows the importance of the intensity laser I(r, t), as the refractive index seen
by the pulse follows the local and temporal intensity profile (Kerr Effect). The spatio-temporal
dependence of the refractive index results in dramatic alterations of the spatial phase (self-focusing)
and of the temporal phase (self-phase modulation) of the incoming pulse.
A.1 Self-focusing: Kerr Lens effect
From of the Equation A.7 highlight the fact that the light itself can alter the index of refraction.
When the intensity of the light is high enough the electric field of the light becomes strong enough
to distort the atoms of the material and change its refractive index. As the beam is more intense
in the centre than the edges, the index of refraction becomes higher in the centre than at the
edges, which causes the light to focus. A rod of material that acts like a lens for high intensity
light based on the optical Kerr effect becomes known as a Kerr lens. The focusing from the Kerr
lens limits when the beams diameter is narrow enough that its linear diffraction is large enough
to balance out the Kerr effect (Figure A.1). The effect is known as self-focusing.
Figure A.1: The Kerr lens effect and self-focusing. The index of refraction varies with intensity
along the beam diameter. Depending on the sign of the nonlinear term n2 in the Equation A.7
the index of refraction increases or decreases towards the center of the laser beam. For positive
n2 the laser beam self-focuses.
A.2 Self-phase modulation
Self-phase modulation is due to the time dependence of the beam intensity provoking a temporal
dependence of the refractive index [5]. For a quantitative analysis, we consider the propagation of
an optical pulse through a medium with a refractive index given by Equation A.7.
In the slowly-varying envelope approximation, the electric field of the pulse has the form:
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E(z, t) = A(z, t)e[i(kz−ωt)] (A.10)
where A(z, t) is the slowly-varying envelope of the pulse. The propagation through a length L
translates to a phase given by:
φ(t) = kL− ωt = ωL
c
(n0 + n2I(t))− ωt (A.11)
The instantaneous frequency ωinst and the phase are related through
ωinst = −dφ(t)
dt
(A.12)
By differentiating Equation A.11 finally writes, we can write ωt:
ω(t) = ω − ωLn2
c
dI(t)
dt
= ω
[
1− Ln2
c
dI(t)
dt
]
(A.13)
From the last equation, it appears that the leading edge of the pulse (for t < 0) shifts to lower
frequencies while the trailing edge shifts to higher frequencies in a symmetrical fashion. As main
result, new frequencies are generated in the pulse spectrum upon nonlinear propagation with
consequences on the temporal shape. In Figure A.2, the left-hand column shows the calculated
instantaneous frequency and power spectrum for a pulse with an input sech(t) amplitude profile
with a peak nonlinear phase shift of about 6pi. The right-hand column shows a calculation for
SPM acting in concert with normal dispersion, with the peak intensity adjusted to yield the
same spectral broadening. For the normal case of media with positive nonlinear refractive index
(n2>0), the frequency modulation assumes the form of an approximately linear up-chirp in the
central, most intense region of the pulse. The spectral broadening connected with this chirp can
be exploited successfully for optical pulse compression
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Figure A.2: Relation between (top) the time-dependent output intensity profile |I(z, t)|2 and
(middle) instantaneous frequency shift ω(z, t) in SPM, as well as (bottom) resultant power spec-
trum. A medium with n2>0 is assumed, and 1 cm
−1 = 30GHz. The left-hand side shows the
case of pure (dispersionless) SPM with a peak nonlinear phase shift of about 6pi. In this case the
output intensity profile is identical to the input intensity profile. The right-hand column shows a
calculation for SPM acting in concert with normal dispersion, with the peak intensity adjusted to
yield the same spectral broadening [5].
90 Novel dual-colour architecture for ultrafast spin dynamics measurements in sub-8 fs regime
Appendix B
Second Harmonic Generation
Second harmonic generation (SHG) is a second-order nonlinear optical process in which two
photons at the frequency ω interacting with noncentrosymmetrical media (i.e., material lacking a
generalised mirror symmetry) combine to form a new photon with twice the energy, and therefore
twice the frequency (2ω) and half the wavelength of the initial photons Figure B.1.
Figure B.1: When intense light is shone on materials that do not possess an inversion symmetry, the
vibrating electric field of the incident beam results in the polarization of the medium, reemitting
light at the original frequency ωi but also at the frequency 2ωi that is twice the original one (with
half of the wavelength). SHG involves only virtual energy transition. As a result, using ultrafast
(femtosecond) pulsed lasers, the response time of SHG is at the femtosecond level allowing very
fast and sensitive detection. Adapted form [15]
The electric field induces a nonlinear polarisation P (2) in the material, which can be written
as [16]:
Pi2(ω) =
∑
j,k
χ
(2)
ijkEj(ω)Ek(ω) (B.1)
The polarised dipoles radiate in a frequency 2ω which generates an electric field E2ω, that
propagates with phase velocity ν(2ω) = c/n(2ω). If both waves propagate along of length of the
material with the same phase velocity, the energy from the fundamental wave is converted to the
second harmonic wave, occurring phase matching between them. However, due to dispersion, waves
do not usually propagate with the same velocity. Then, after propagating in a distance, known
as the coherence length, both waves will be out of phase. Meaning that both fundamental and
second harmonic waves cannot be always added at different positions within the nonlinear material.
When the fundamental and second harmonic waves propagate through the nonlinear material in
the condition of non-phase matching, SHG power varies along the length of the nonlinear material.
In this case, the SHG can be described by [16]:
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I(2ω,L) =
2ω2χ2effL
2
n2ωn2ωc
3ε0
(
sin(4kL/2)
4kL/2
)2
I2(ω) (B.2)
The dependence on both the length of the material L and the incident intensity I(ω) is quad-
ratic; c the velocity of light. The intensity of the doubled frequency is proportional to the square
of an effective susceptibility χ2eff , which depends on the material and reflects the mean doubling
properties of this material in a given working direction. For the doubling yield to be maximum,
the dephasing quantity 4k = k(2ω) − k(ω) must be zero. This dephasing term accounts for the
propagation effects during the doubling process. At any one point along the propagation axis the
electronic oscillators radiate at angular frequency ω and 2ω in the same direction k.
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